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Abstract 
Availability of high purity H2 for low temperature polymer electrolyte fuel cell (PEFC) 
technology is a necessity for optimum performance and durability. H2 purity depends on 
the production process as well as post purification measures, which may increase the final 
pump outlet cost of H2 fuel and operating cost of PEFC applications. Low cost H2 is 
produced in refineries and other reforming processes. Presence of certain contaminants 
such as methane, carbon dioxide and carbon monoxide in this H2 may however cause 
performance degradation in fuel cells. The aim of this thesis is to investigate strategies to 
mitigate and overcome the fuel cell performance losses resulting from the use of impure 
H2. Firstly, stack level testing on H2 with isolated contaminants of known concentration 
are conducted to assess performance losses. These studies are expanded in a single cell for 
comparison with stack results as well as in devising strategic mitigation techniques. CO, 
being a major contaminant, is extensively studied with variation of operating current 
density and CO concentration. Performance losses are partially rectified through 
application of a CO tolerant electrocatalyst, Pt-Ru/C instead of Pt/C. Two more techniques 
of air-bleeding and pulsed oxidation are also investigated alongside Pt-Ru/C electrocatalyst 
for performance recovery through CO oxidation. Parametric studies of pulsed oxidation 
are undertaken with 80 ppm CO containing H2 fuel for performance recovery and energy 
efficiency comparison with respect to pure H2 efficiencies. Up to 95% recovery in 
performance is observed at 0.5 A cm-2 with strategic application of pulsed oxidation when 
using a threshold cell potential for activation. These studies are further extended to long 
term pulsing operation of up to 4000 cycles to gauge the robustness and effectiveness of 
the pulsing process. These studies demonstrate cell potential recovery over extended pulse 
cycles without any significant decay of fuel cell performance through monitoring of 
droptime and peak potential values. Lastly, a zero-dimensional model is developed to study 
the transient surface coverage of different species present at the anode during CO poisoning 
and predict cell potential losses. It is extended to cover the pulsed oxidation effect and 
provide overall efficiency of the fuel cell with change of anodic flow parameters. The cost 
effectiveness of pure and impure H2 fuel used with mitigation techniques are compared and 
discussed for the interest of commercialization of such processes for the practical use of 
impure H2 in PEFC systems.  
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Chapter 1. Introduction 
With the increasing energy requirements across the world, the need for a practical and 
sustainable energy source has become imminent. Fossil fuels have been a primary source of energy 
since a long time. Refineries around the world rely on fossil fuels such as coal, petroleum and 
natural gas to cater to the energy demands of countries and its citizens. According to the BP 
Statistical Review report, a total of 447.8 * 1018 J/year equivalent fossil fuel was consumed in the 
2015-16 year [1]. Rampant use of fossil fuel and coal resources have led to a dramatic change of 
Earth's climate due to increasing emissions from their combustion. There has been a lot of interest 
in the scientific and industrial world for search of a sustainable and renewable resource which can 
replace the existing resources. Administrations of developed and developing countries are taking 
quite a few steps to stop the menace of global warming. The transport sector accounts for 
approximately 40% of the total fuel consumption which leads to almost 23% of the global 
greenhouse gases [2]. These resources through its processing and combustion are responsible for 
the rising global temperature due to increase in greenhouse gas (GHG) emissions [3]. In order to 
limit the rise in temperature to 1.5 °C for negating the impact of global warming, there is an urgent 
need from all the responsible parties to use the available resources in search for a sustainable and 
emission free fuel of the future [4,5].  
Various energy resources can be used as alternatives to fossil fuels. Wind, solar and hydro 
sources have been in use in various parts of the world for energy generation. But it is still not seen 
as a sizeable alternative to conventional fuels. In India, solar energy has been widely accepted in 
parts of high solar intensity. Nuclear energy is another promising alternative, but its high costs and 
safety concerns related to its generation of electricity is seen as a major deterrent towards being a 
more acceptable technology in sustainable energy systems. The waste generated from nuclear 
energy is radioactive in nature and becomes difficult for it to be disposed of without affecting the 
environment. Hence, only a few countries have been using this technology for meeting their energy 
demands to some extent.  
Most of the technologies mentioned above have a few disadvantages which makes it 
difficult to implement it in a larger scale. Wind and hydro energy are clean but expensive. Solar 
energy is difficult to capture and storage solutions in the form of batteries are still expensive. 
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Another carrier of energy, hydrogen (H2), has garnered a lot of attention for the past few decades. 
Though harnessing H2 from the various precursors still faces technological difficulties, the impact 
of H2 as a potential clean energy carrier is substantial. H2 can be viewed as a sustainable energy 
carrier which produces water on combustion or electro-oxidation process and has no 
environmental impact. 75% of all matter is composed of H2, making it the most abundant element 
in the universe. However, it is not available in the elemental form making it difficult to utilize for 
generation of energy. Being the lightest element available on Earth, it is able to produce the highest 
energy content per unit mass amongst all the fuels present globally. Thus, the importance of 
utilization of H2 as a future fuel source is paramount to counter the negative impacts of fossil fuel 
consumption. It is to be noted that application of H2 in industrial sectors has increased almost 
threefold since 1975. According to International Energy Agency (IEA) report, June 2019, 
combined use of H2 in refining, ammonia production and other industrial processes has touched 
almost 75 Million tons in 2018. Amongst available fuels, H2 has a specific energy of 120 MJ/kg 
while conventional fuels like gasoline and diesel are able to provide approximately 46 MJ/kg [6]. 
This advantage sets aside H2 as one of the most suitable fuels for being a clean and emission free 
fuel. However, emphasis of the use of H2 has to be shifted towards sectors where the impact can 
be felt more such as in renewables, transportation, building and power generation for realizing its 
true potential as an energy carrier. The following section deals with the various production 
methodologies of H2.  
1.1. Hydrogen production methodologies 
Hydrogen can be derived from various precursors such as biomass, water, fossil fuels, coal 
and natural gas [7]. These precursors undergo various chemical processes to release essential 
compounds along with H2. However, the selection of a suitable H2 production method depends on 
many factors such as impact on environment, efficiency, costs, resources, technological 
availability and other system integration options [8]. Out of several resources, natural gas still 
holds the prime position accounting for around three quarters of annual global H2 production. 
Russia, Qatar and Iran accounts for more than 50% world reserves of natural gas and is responsible 
for fulfilling the energy demand across the world at a relatively low price. Countries such as Japan, 
Korea, China and India who are net importers of natural gas have to settle for higher H2 production 
costs. The Indian Hydrogen market is projected to reach $81 Million by 2025, growing at a 
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Compound Annual Growth Rate (CAGR) of 6.3% during the period of 2013 and 2025 [9]. Natural 
gas reforming is closely followed by coal gasification due to easier availability and cheaper price 
of coal in countries like China [2]. Conventional processes for the production of H2 from natural 
gas include steam methane reforming (SMR), partial oxidation and catalytic decomposition of 
natural gas. All these technologies are matured technologies and have been in use for quite some 
time. Similarly, gasification process is used to convert coal into producing electricity and by-
product H2. As these processes involve the use of hydrocarbon resources, generation of carbon 
dioxide (CO2) and other greenhouse gases becomes inevitable and hence impacts the environment. 
 Steam methane reforming (SMR) 
SMR is a two-step process of producing H2 and CO2 from natural gas. The first step in the 
process involves mixing methane with steam at 800 °C generally over a Nickel catalyst to produce 
a gaseous mixture of H2 and CO.  
𝐶𝐻4 + 𝐻2𝑂 → 3𝐻2 + 𝐶𝑂       (1) 
A more general form of the equation involving any higher boiling point hydrocarbon as the 
source material is: 
𝐶𝑛𝐻𝑚 + 𝑛𝐻2𝑂 → (𝑛 +
𝑚
2
) 𝐻2 + 𝑛𝐶𝑂     (2) 
The high temperature conditions cause the hydrocarbon feedstock to undergo cracking 
reactions to produce small hydrocarbons and H2 in series of reactions. The next step involves the 
water gas shift reaction combining CO with water to finally produce H2 and CO2.  
𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2       (3) 
This H2 obtained after two stages of reaction is finally made to undergo separation by 
Pressure Swing absorption (PSA) which results in 99.9% purity H2. About 48% of the world 
production capacity for H2 is accounted for from this process [10]. H2 production in United States 
of America through SMR process is close to 95%. In India, SMR is extensively used in oil and gas 
refineries for hydrotreating and hydrocracking. 
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 Coal gasification 
H2 production from coal gasification has been evolving in terms of efficiency and reduction 
of environmental impact. H2 is produced from coal by gasification and further processing of the 
resulting synthesis gas. It works by reacting coal (C source) with oxygen and steam under increased 
temperature and pressure conditions to form synthesis gas (CO + H2)  
𝐶 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂       (4) 
To produce more H2 as a useful product, this synthesis gas is further treated with steam to 
produce H2 and carbon dioxide in a reaction termed as water gas shift reaction (equation 3).  
The clean gas produced at the product stage of water gas shift reaction is further sent into 
a separation system to capture all the impurities and recover H2. Due to presence of significant 
coal reserves in the world, this technology has been in use for H2 production since a long time and 
continues to be a major source of generation of H2 and electricity. However, the environmental 
impacts of this process are significant due to ways of procurement of feedstock and carbon dioxide 
emissions.  
 Biomass processing 
Biomass processing through pyrolysis or gasification produces a mixture of gases such as 
CH4, H2, N2, CO2 and CO. H2 is further separated from these products through membrane 
separation technology. Development of this process is still in its research stages and will require 
allocation of time and capital to commercialize and make it cost effective in terms of energy and 
product efficiency. 
 Electrolysis routes 
This process involves application of electricity produced from renewable and non-
renewable energy sources to electrochemically split water into H2 and oxygen. These production 
routes are emission friendly as they do not produce any CO2 or other GHG emissions. However, 
the process is cost intensive and requires huge capital for its efficient operation. Likewise, 
electrolysis of Chlor alkali compounds produces chlorine gas along with H2 as a by-product. India 
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accounts for 4% of the global capacity of chlor alkali production in the world. Around 40 units of 
chlor alkali plants in India produces H2 as a by-product out of which 6600 tons of H2 still remains 
unutilized. However, this H2 fuel also requires several purification steps to remove any traces of 
chlorine which can make the energy conversion process less efficient.  
Similarly, only 4% of the current H2 demand is met through electrolysis of water. However, 
hydrogen generation through electrolysis has since increased by upto 25 MW/year in 2020. This 
number is further estimated to increase to about 1400 MW/year in 2023. Amongst various 
technologies, alkaline water electrolysis is the most common electrolysis route for producing H2. 
However, the source of production of electricity to be used for electrolysis is important in 
determining its environmental impact. In photolytic water splitting, photons can be absorbed via 
semiconductors to trap energy which in turn can be used to drive the chemical reaction responsible 
for water splitting. Similarly, advanced water splitting technologies such as solar thermochemical 
(STCH) water splitting, photoelectrochemical (PEC) water splitting etc. have contributed to the 
advancement of H2 production technologies through the basic electrolytic route in the R&D stages. 
1.2. Application of hydrogen 
Hydrogen has been used as a feedstock for various chemical processes in the industries for 
production of fertilizers, sub-products in refineries, ammonia production etc. The list is endless. 
However, this H2 can also be used as a fuel in transport applications owing to a very high specific 
energy compared to standard fuels. Conventional transport engines employing the internal 
combustion engines (ICE) need certain modification to use H2 as a fuel. In this process, combustion 
reaction of H2 will occur which will increase the efficiency of the system (up to 30%) and at the 
same time produce no emissions. This is similar to using compressed natural gas as a fuel in 
transport applications which has become a common feature today. This efficiency can be further 
improved if the wastage of generated energy from friction or moving components in an IC engine 
can be somehow reduced. Many hybrid options allow the use of H2 as a fuel along with the primary 
source of fuel with simple modifications. Battery electric hybrids or ICE hybrids have shown the 
path for a smoother transition from IC engines to H2 only applications. The efficiencies differ 
somewhere between 25 to 40% depending on the type of engine used [11]. These technologies 
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have been able to improve the extent of H2 usage as a fuel and marginally reduce our dependence 
on fossil fuels. 
 Hydrogen in fuel cells 
Fuel cells produce electricity and heat by electrochemical conversion of a fuel and oxidant 
in an electrolytic medium. With no moving components in a fuel cell, this technology can provide 
an efficiency in the range of 40 - 60 % combined with zero harmful emissions. The electricity 
generated can be stored in a battery for future use or used instantly to power a device. However, 
various technological hurdles have led to an increase in the cost of deploying these systems with 
respect to IC engines. One of the major issues surrounding the acceptability of fuel cell technology 
as a viable alternative is the availability of high purity H2 fuel at an affordable price. Durability of 
fuel cells, cost of fuel cell components such as catalysts and membranes etc. can also lead to an 
increase in fuel cell price. In terms of fuel cell applications, H2 can be used as a fuel. Based on the 
measure of purity, H2 from various industries can be used in different types of fuel cells such as 
Solid Oxide Fuel Cell (SOFC) and Polymer Electrolyte Fuel Cell (PEFC). These fuel cells are 
classified based on the electrolyte medium used, which in turn determines the electrochemical 
reactions it undergoes. Based on the various types of fuel cell technologies and their operating 
conditions, low-temperature PEFCs have gained a lot of attention owing to its simple mode of 
construction and ease of start-up operations.  
Polymer electrolyte fuel cell (PEFC) 
The heart of the PEFC is a membrane composed of polymer electrolyte, typically a 
perfluourosulfonic acid polymer. This membrane, PEM (polymer electrolyte membrane), is semi-
permeable and electronically insulating but aids in the transport of protons for electrochemical 
reactions to occur in the anode-cathode barrier. This process of proton transfer is facilitated by the 
hydration of hydrophilic sulfonic acid side chains. Figure 1.1 shows a schematic of a PEFC with 
the various components present in the fuel cell. 
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Figure 1.1. Schematic of a polymer electrolyte fuel cell (PEFC) 
Across both sides of the membrane, a catalyst layer (CL) is sandwiched between the gas 
diffusion layer (GDL) and the PEM. These electrodes are porous in nature generally fabricated of 
carbon cloth or paper to allow the flow of gases into the catalyst-membrane surface. The GDL also 
facilitates the flow of electrons to/from the reaction sites. The CL can be deposited on the 
membrane or electrode depending on the manufacturing process followed. Platinum on carbon 
(Pt/C) support is one of the common catalysts applied for electrochemical reactions. However, if 
the fuel contains impurities such as carbon monoxide or carbon dioxide due to the synthesis 
process followed, binary catalysts such as platinum-ruthenium, platinum-tungsten etc. can also be 
applied as CO tolerant electrocatalyst on the anode side. Supported catalysts of this type are mostly 
20-40 wt% of metal content with an average electrocatalyst loading in the range of 0.05 – 0.5 mg 
cm-2.  
The assembly of membrane, catalyst and the porous electrode forms the Membrane 
electrode assembly (MEA). The electrocatalyst is coated after forming an ink solution which is 
coated onto the substrate (GDL or membrane) through various methods such as spraying, brushing 
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or screen-printing techniques. The assembly is normally carried out by hot pressing the 
components together at appropriate pressure for better conductivity. The fuel, H2 and oxidant, 
air/oxygen enters the fuel cell through the flow fields on the anode and cathode respectively. These 
flow fields can be either parallel or serpentine in nature to allow the gases to reach the CL by 
diffusion through the GDL. The electrochemical reactions occurring in the CL determine the 
efficiency of the fuel cell system. The following main reaction occurs at the anode:  
Fuel (H2) reacts with the anode catalyst to produce hydrogen ions (H+). The polymer 
electrolyte membrane transfers these ions from the anode to cathode side. Whereas, the electrons 
travel from the outer circuit to the cathode side. This reaction is termed as the hydrogen oxidation 
reaction (HOR) and occurs at a potential of 0.0 V vs. standard hydrogen electrode (SHE). 
𝐻2 ↔ 2𝐻
+ +  2𝑒−         (5) 
Main reaction at the cathode: Oxidant (air/oxygen) reaches the cathode catalyst to react 
with the incoming H+ ions and the two electrons to produce water. This reaction is termed as the 
oxygen reduction reaction (ORR) with a standard reduction potential of 1.23 V. 
1
2
 𝑂2 + 2𝐻
+ +  2𝑒− → 𝐻2𝑂        (6) 




 𝑂2 → 𝐻2𝑂        (7) 
Thus, a PEFC reaction provides a theoretical potential of 1.23 V. However, owing to 
several losses associated with this reaction in practical conditions, a potential of close to 1.00 V is 
achievable. These over potentials may occur due to a number of reasons such as electron/proton 
transport resistance, gas crossover, ohmic resistances or mass transfer resistances and presence of 
contamination in the fuel/oxidant or any other components [12]. 
The transport of water and electrons generated during these reactions on both the sides of 
the membrane is important to have a successful chemical reaction process. PEFCs have been 
widely accepted as the best form of fuel cell technology due to several reasons such as: 
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1. Low operating temperature range of 60 - 80 °C.  
2. Water as the product of formation unlike other fuel cell systems which form 
CO2 as well 
3. Presence of a solid electrolyte reduces the issue of corrosion and electrolyte 
management.  
Other fuel cell systems such as SOFC, Phosphoric Acid Fuel Cell (PAFC) and Molten 
Carbonate Fuel Cell (MCFC) have a similar issue of a long start up time due to high operating 
temperature range as compared to PEFC. All these technologies however bring in the flexibility 
of fuel choice. Presence of certain by-products, contaminants along with H2 in the fuel can be 
handled by these systems.  
Low operating temperature, high power density and easy scale-up make PEFCs a 
promising candidate as the next generation power sources for transportation, stationary, and 
portable applications [13]. However, the two greatest barriers for the commercialization of this 
technology are durability and material costs of fuel cells [14]. This mainly includes the cost of 
catalyst and high purity H2. During long term operations, components in the MEA [15] suffer 
degradation over time due to various issues such as water imbalance, platinum dissolution and loss 
of electrochemical surface area (ECSA) etc. making it difficult for commercialization. However, 
many of the above-mentioned issues are being resolved consistently through various research 
programs leading to the development of efficient fuel cell technology.   
According to the United States Department of Energy (DOE), PEFC are required to have 
more than 5000 h life for cars, 20,000 h life for buses, and 60,000 h life for stationary applications 
[16]. Similarly, the 2020 targets of peak energy efficiency, power density, specific power, cost and 
start-up operations reveal that for light duty vehicle operations, most of the targets have been 
reached except for falling short on cost and durability [17]. The accomplishment of these targets 
would lead to an increased adaptability of PEFC technology. 
1.3. Contamination in fuel cell operation 
Polymer electrolyte fuel cell (PEFC) operation is a mature technology operated on high 
purity H2 as a fuel in low temperature conditions with air/oxygen as an oxidant. It has been proven 
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to provide a high energy efficiency and water as the only product in emissions. However, the 
availability of a pure fuel devoid of any contaminants is scarce and markets have to rely on the 
existing production technologies for their source of H2. Impure H2 is readily available in refineries 
from their steam reforming and naphtha treating units. Moreover, it can also be sourced from 
chloro-alkali industries with minor traces of impurities. The advantage of this H2 is the availability 
and relatively lower cost of production. However, the disadvantage lies in the presence of 
impurities which is detrimental to its performance and efficiency in specific application of fuel 
cells such as PEFC. On the other hand, PEFCs have gained importance over other fuel cell 
technologies for its ease of operation and efficiency. Thus, some sort of synergy needs to be created 
which can aid in utilization of impure H2 generated from readily available sources in PEFCs 
without a drastic compromise of cost, performance and efficiency of the fuel cells.  
Contaminants in H2 fuel can however impact the performance of PEFC in varying ways. 
Presence of minute impurities in various cell components can lead to contamination resulting in 
adverse operations. This can affect the performance and durability of the fuel cell as well as 
degradation of fuel cell components [18]. Contamination can result from components inside the 
cell or can be imported from the external environment through the reactant inflows or 
humidification measures. Presence of trace amounts of metals such as ammonium ions, alkaline 
metals, silicon and other catalyst particles as well as gases like CO, NOx, or SO2 in inflowing 
reactants can severely degrade cell components leading to impaired cell performance[19]. 
Contamination can occur in the electrocatalyst side during the process of synthesis or through 
import of impurities. Similarly, membrane contamination can also occur from the impurities such 
as alkaline metal and ammonium ions to cause considerable loss in proton conductivity. This 
import of impurities can result from the incoming gases acting as reactants. The cathode side 
contamination from the air can be prevented with the use of efficient filters. Whereas, anode side 
fuel contamination need more effective measures. Impurities in other fuel cell components are 




Table 1.1. List of known impurities influencing PEFC performance [15]    
Impurity source Typical contaminants 
Air N2, NOx (NO, NO2), SOx (SO2, SO3), NH3, O3 
Reformate H2 CO, CO2, H2S, NH3, CH4 
Bipolar metal plates (end plates) Fe3+, Ni2+, Cu2+, Cr3+ 
Membrane (Nafion) Na+, Ca2+ 
Sealing gasket Si 
Coolants, DI water Si, Al, S, K, Fe, Cu, Cl, V, Cr 
Battlefield pollutants SO2, NO2, CO, Propane, Benzene 
Compressors Oils 
 Impact of fuel contaminants 
So far, the production and usage of H2 as a fuel and various aspects of fuel cells and its 
contamination source has been discussed. Reforming is one major process of formation of H2 and 
the latter can be used as an effective fuel for fuel cells. However, owing to the presence of several 
by-products eventually acting as contaminants in a fuel cell, this fuel must undergo several 
purification measures to get rid of these impurities. Incorporation of purification measures 
increases the cost of fuel and fuel cell operation. This project focuses on application of simple 
engineering techniques and modified components to use impure H2 as a fuel in PEFCs to overcome 
the high operational costs of fuel cell systems.   
 Indian Oil refinery hydrogen 
Indian Oil Corporation (IOC) Limited is a Fortune 500 organization operating 11 of India’s 
23 oil refineries with a combined refining capacity of 80.7 million metric tonnes per year. Along 
with refining products, IOC produces a considerable amount of H2 from various hydrogen 
generation units (HGU) in their refineries. About 0.5 Million tonnes per annum of H2 produced 
from Indian Oil refineries can be leveraged to be used as a fuel for efficient fuel cell operations[20]. 
The composition shown in Table 1.2 is an overall representation of H2 obtained from an Indian Oil 
refinery from two different units. The purity of H2 is close to 99.97%. This purity is obtained after 
the fuel undergoes stages of purification measures such as Pressure Swing Adsorption (PSA) 
process. The main impurities present are a mixture of methane (CH4), carbon monoxide (CO) and 
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CO2. The other minor impurities include traces of nitrogen (N2) and oxygen (O2). CH4 composition 
as observed in Table 1.2 ranges between 150 - 350 ppm. CH4 can be further reformed to obtain 
H2, CO and CO2. Hence, it is not considered as a major contaminant in PEFC operation and it 
mostly acts as a fuel for fuel cells. Similarly, CO varies between 20 - 80 ppm and CO2 in the range 
of 10 - 15 ppm. N2 and O2 have less than 1 ppm concentration. In all, the H2 obtained is pure and 
removal of CO2 and CO from its composition through various purification measures can help the 
fuel be efficient in practical operating conditions. 
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Table 1.2. Indian Oil refinery H2 composition from two different unit processes 






















 Run 1 99.96 272 10.2 75 <1 99.96 323 10.1 82 <1 
 Run 2 99.97 210 7.5 58 <1 99.96 353 14.1 63 <1 
 Run 3 99.97 186 7 75 <1 99.98 141 8.3 24 <1 
 Run 4 99.98 150 16.8 19 <1 99.98 193 6.1 38 <1 
 Run 5 99.97 221 11 56 <1 99.98 160 12.2 48 <1 
 
Impurities in reformate H2 can degrade the PEFC performance by various means. It can 
affect the catalyst layer or dilute the fuel leading to voltage drop depending on the severity of the 
contaminants, concentration, flow rates etc. However, measures to mitigate these contaminants 
can be undertaken to improve the performance of the PEFCs. These strategies may require us 
modify the PEFC components such as the catalyst, or, add some measures on the cell externally 
or internally such as increasing the temperature or pressure. Similarly, fuel costs also increase with 
the addition of the purification stages such as PSA and membrane separation. This ultimately 
drives the overall cost due to quality assurance standards to be maintained [21,22]. Indian Oil 
refinery H2 is estimated to be about $ 4.90/kg before purification measures, while that of high 
purity H2 (< 5 ppm CO) to be about $ 6.90/kg – about a 41% increase. Other studies have also 
suggested similar cost estimation for refinery H2 to be in the range of $ 1-4 [23] and for automotive 
fuel cell grade H2 to be about $ 7 [24]. These differences in the cost of pure and impure grade H2 
drives the operational and performance related costs of running fuel cells. The use of impure H2 in 
PEFCs with minor modifications and without unwarranted increase in operational costs in PEFC 
will lead the way for faster adoption in the present world market. The above table is specific to the 
H2 produced from refinery. The present study considers the impact of all these known impurities 
on PEFC performance and the various measures that can be used to mitigate the efficiency loss 
caused by these impurities. Special emphasis is given to the impact of moderate concentrations of 
CO on cell performance and the mitigation strategies which can improve fuel cell efficiency.  
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1.4. Impurities: Discussion on contamination and mitigation strategies 
For reasons outlined below, this work deals specifically with the effect of CO on fuel cell 
performance and methods to mitigate the poisoning effects of CO. The other contaminants such as 
CH4 and CO2 present in considerable concentration in impure H2 are also investigated to determine 
the effects of its contamination in normal fuel cell operation. The use of this H2 as a fuel in PEFCs 
is subject to the quality standards prescribed by ISO 14687-2, which is identical to SEA J2719 
[25]. These guidelines enable the suppliers of H2 to provide high quality fuel for PEFC operation 
which prolongs the lifetime of these cells. The concentration of the impurities mentioned in the 
previous chapter need to be well below the refinery H2 standards for it to be used as a fuel. For 
instance, the CO concentration must be below 0.2 ppmv while carbon dioxide concentration must 
be limited to 2 ppm. The minimum H2 purity should be 99.97%. CO poisoning has been researched 
extensively on its extent of degradation and prevention measures [26–28] on catalyst layers. It is 
understood that CO poisoning is reversible in nature and adsorption of these particles on the 
catalyst surface can be flushed out through purging of nitrogen or pure H2 into the anode catalyst 
layer [29]. Similarly, oxidation of adsorbed CO on the catalyst surface also is an effective measure 
for subsiding the effect of loss of performance due to CO. Several measures such as use of a CO 
tolerant electrocatalyst [30], elevation of operating temperature [31] and increase of cathode back 
pressure [32] lead to an increase in presence of oxygen/process conditions on the anode side which 
aid in the conversion of adsorbed CO into CO2 which can be easily flushed out into the exhaust 
side. External measures such as use of air bleed into the anode line containing H2 and CO can also 
cause oxidation of CO [33]. However, all these measures may also bring in several performance 
losses in terms of catalyst dissolution and membrane degradation which may be detrimental to the 
health of fuel cells. Moreover, investigations for moderate CO concentrations are scarce. 
 Carbon Monoxide (CO) 
Carbon monoxide poisoning is a common phenomenon observed in PEFC operation when 
reformate H2 is used as a fuel. It is well documented that CO present in H2 fuel gets adsorbed 
physically onto the catalyst Pt sites on the anode side of a PEFC resulting in the reduction of active 
surface sites [34]. This reduction of active sites for H2 for adsorption and oxidation leads to an 
increase in the effective current density which ultimately increases the anode potential.  
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The reactions involved are shown as below: 
𝐻2 +  2𝑀 ↔ 2 𝐻 − 𝑀                             𝑘𝐻2,𝑎𝑑𝑠,    𝐾𝐻    (8) 
2 𝐻 − 𝑀 ↔ 2 𝑀 + 2 𝐻+ + 2𝑒−          𝑘𝐻,𝑜𝑥      (9) 
𝐶𝑂 + 𝑀 ↔ 𝑀 − 𝐶𝑂                                 𝑘𝐶𝑂,𝑎𝑑𝑠   𝐾𝐶𝑂    (10) 
 
where M represents the surface site which gets adsorbed by the incoming CO as represented in 
reaction 10. Even at very low CO concentrations, these active sites can be easily blocked (in range 
of 5 - 10 ppm) which can lead to significant degradation in performance of PEFCs [35]. The rise 
in anode potential is limited by the formation of OH group on the anode surface. The presence of 
OH facilitates the conversion of CO into CO2 through the following reactions: 
𝐻2𝑂 + 𝑀 ↔ 𝑀 − 𝑂𝐻 + 𝐻
+ + 𝑒−                                𝑘𝑂𝐻   (11) 
𝑀 − 𝑂𝐻 +  𝑀 − 𝐶𝑂 → 2𝑀 + 𝐶𝑂2 + 𝐻
+ +  𝑒−         𝑘𝐶𝑂,𝑜𝑥   (12) 
 
The potential at which OH is formed depends on the catalyst used at the anode.  In 
particular, the use of a CO tolerant catalyst such as Pt/Ru lowers the anode potential at which 
reaction 11 occurs. If pure Pt is used as the catalyst, reaction 11 becomes ineffective since OH is 
not formed on the catalyst surface until the anode potential is high enough [36].  
The adsorption of H2 on Pt demands bare Pt sites making the reaction kinetics very slow 
as compared to its subsequent electro-oxidation (reaction 9). However, presence of CO in the fuel 
makes it compete with CO which is also relatively fast. It is observed from the above reactions 
that, CO competes not only for free active Pt sites (reaction 10) but also it can dissociate a Pt 
hydride site to deactivate the Pt site. These reasons make the CO contamination much more 
detrimental to the catalyst layer compared to similar reformate impurities such as methane and 
carbon dioxide which are known only to dilute the fuel. It is widely documented that CO bonds 
with the Pt catalyst sites in both linear-bonded and bridge bonded formations [27,37]. The linear 
bonded CO adsorption occupies only one catalyst site while the bridge bonded formation requires 
more than one site. The impact of CO coverage in terms of kinetic currents has been studied by 
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Igarashi et al. [27] who showed that, as CO coverage increased, CO coverage  moved from being 
primarily bridge bonded to almost completely linear bonded at high CO coverages.    
With increase in CO concentration and exposure time, poisoning in the catalyst sites 
become more severe leading to drastic reduction of performance. The polarization studies 
conducted on a range of CO concentrations show that ohmic and concentration losses become 
higher as the concentration of CO increases. This is true for pure Pt as well as carbon supported Pt 
catalysts [38,39]. The voltage losses increase due to prolonged exposure of CO, due to its 
accumulation on the Pt catalyst surface over time [40]. Voltage loss increased from 3% to 85% 
when CO concentration is increased from 50 ppm (6 h exposure time) to 70 ppm. This justifies the 
need to operate cleaner H2 fuel with better purification measures to reduce CO concentration from 
reformate H2.  
Research related to operating temperature effects on CO poisoning show that lower 
operating temperature (< 80 °C) causes significant drop compared to higher operating 
temperatures. It is observed that a higher operating temperature and humidity facilitates the 
formation of OHads group leading to an effective CO oxidation [41]. Thus, PBI based membranes 
operating at higher operating temperatures in the range of 150 – 200 °C showed smaller voltage 
drop compared to regular, low-temperature PEFCs [42].  
 CO Mitigation Strategies 
Pre-treatment of reformate  
By treating reformate H2, performance of a fuel cell can be improved with considerable 
efficiency. However, as discussed previously, these measures increase the cost of the fuel and 
ultimately an overall increase in operational cost of fuel cells. Certain measures such as use of a 
preferential oxidation reactor (PrOx) help in the conversion of CO into CO2 and reduce the CO 
concentration in the final feed into less than 10 ppm before the entry into a fuel cell stack [43]. 
Other prominent but less efficient ways include application of CO2 scrubber along with 
methanation [44]. 
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Oxidant bleeding (Air or O2) 
CO2 is not known to affect the performance of fuel cells as it only leads to minor dilution 
of the fuel. CO in H2 can be easily converted to CO2 in presence of an oxidant such as air or O2 on 
the anode side of the fuel cell. As air is readily available in the atmosphere, suitable arrangements 
to blend in a small amount of air into the anode side can be applied for conversion of CO into CO2 
in presence of catalyst. Depending on the poisoning level of CO, various percentages of air can be 
sent in to effectively convert it to CO2. CO2 does not adsorb on the available Pt sites and thus these 
sites can be used for H2 oxidation. One study [45] reports that injecting 4.5% air to a feed 
containing H2 and 100 ppm CO can get rid of up to 90% CO poisoning by the mechanism similar 
to water gas shift reaction and selective oxidation of CO in the feed. The mechanism of oxidant 
bleeding works as follows: Oxygen in the anode adsorbs on the catalyst surface, M, as shown in 
the reactions below: 
𝐶𝑂 +  𝑀 ↔  𝐶𝑂 − 𝑀        (13) 
𝑂2 +  2𝑀 ↔ 2𝑂 − 𝑀        (14) 
𝑂 − 𝑀 + 𝑂 − 𝐶𝑂 → 2𝑀 + 𝐶𝑂2      (15) 
The CO that is also adsorbed on the surface sites reacts with the adsorbed oxygen to form 
CO2 as shown in reaction 15. The surface sites then become available again for adsorption and 
oxidation of H2 molecules. 
Presence of oxygen on the anode side of the fuel cell can be facilitated both internally as 
well as externally. Internal air bleed results from the diffusion of oxygen across the membrane to 
the anode side which can be modulated by increasing the cathode back pressure [46]. 
The diffusion of oxygen across the membrane depends on the thickness of the membrane, 
water content and the prevailing operating conditions. Zhang et al. [47] examined the effect of 
oxygen permeability across two different thickness of polymer membranes, Nafion® 115 (125 
µm) and 117 (175 µm) to estimate the rate of oxygen diffusion.  The results of Zhang et al. showed 
that for fuel containing 108 ppm CO, while diffusion of oxygen from the cathode is partially 
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responsible for the removal of CO from the anode surface, it is insufficient to completely remove 
the CO because of the low crossover rate of O2 across the membrane [48].  
Perez et al. [49] suggested the use of up to 2% air in the anode feed containing 20 ppm CO 
to mitigate its effect of poisoning. Chen et al. [50] investigated the use of continuous bleed of 10 
s in intervals of 10s led to mitigation of 100 ppm CO poisoning. Sung et al. [33,51] has contributed 
through the modeling and experimental studies that 5% air bleed is sufficient to recover the 
performance drop by up to 90%. They also performed long term air bleed studies running up to 
300 h at a constant potential of 0.6 V using an anode feed mixture of 200 ppm CO, H2 and 5% air. 
However, production of hydrogen peroxide (H2O2) as an intermediate compound led to an 
incomplete performance recovery and a 2% degradation loss in the current density is observed for 
this time period [33]. It is believed that H2O2 causes degradation of membranes leading to 
performance loss. This degradation due to H2O2 is also observed by other researchers [52–54] 
when air bleed is used as a mitigation technique. Similarly, other issues associated with air-
bleeding observed during investigation of this technique reveal loss of catalyst due to sintering 
reaction between H2 and O2 on the anode [55]. Also presence of air in anode may result in H2 
oxidation through combustion leading to fuel loss [51].  
CO-Tolerant Electrocatalysts 
Development of CO tolerant electrocatalysts is a major area of focus in PEFC research. 
Various combinations of binary and ternary catalysts along with Pt have been investigated in the 
past with varying degree of success for CO mitigation. Out of many of these catalysts, Pt-Ru alloy 
catalysts have been subject of intense research with favorable CO tolerance activity compared to 
others [36,56]. Lee et. al [57] compared the CO poisoning effects in various catalysts: Pt/C, Pt-
Ru/C and Pt-Sn/C at different operating temperatures of 40, 55, 70, 85, 100 and 115 °C. The 
electrode potential shift for H2 oxidation varied according to the following trend: Pt-Sn/C < Pt -
Ru/C < Pt/C. This shows superior tolerance of a binary catalyst compared to Pt catalyst alone.  
For CO tolerance, researchers have tested several unsupported or supported Pt-based alloy 
catalysts which have been demonstrated to exhibit high tolerance to CO poisoning. These include 
binary catalysts (PtM = Ru, Mo, Sn,  Co, Ni, Fe), ternary catalysts (PtRuM = Mo, Nb, Ta, Sn, Co), 
quaternary catalysts (PtRuM1M2: where M can be Ru, Mo, Nb) and other Pt-based metal oxide or 
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composite supported catalysts [19,25]. More information on the development of high-performance 
and cost-effective CO-tolerant anode electrocatalysts for PEFCs can be found in several 
comprehensive review articles [1,12]. In addition, improvements in catalyst preparation methods 
have been advanced considerably in order to better control particle-size distribution and the 
chemical composition of catalysts. A composite anode structure can also reduce CO poisoning. 
Placing a layer of carbon-supported Ru between the Pt catalyst layer and the anode flow field to 
form a Ru filter improved CO tolerance considerably, because the Ru layer supplied hydroxyl 
species to enhance CO oxidation [58]. 
Pulsed oxidation 
As described earlier, the adsorption of CO onto the anode surface leads to an increase in 
anode potential. When this potential reaches a value between 0.5 - 0.6 V range, the adsorbed CO 
is able to be oxidized to CO2. Baumann et al. [59] have shown that the rate of CO poisoning 
depends primarily on the rate of mass transfer of CO into the cell. In the pulsed oxidation method 
of mitigation, the anode potential is momentarily increased by pulsing current into the cell which 
leads to a rise in the anode potential and a drop in overall potential of the cell. This process results 
in the oxidation of some of the CO adsorbed on the catalyst surface and a drop in cell potential. 
Thomason et al. [60] have studied this process of self-oxidation and observed that cell performance 
can be recovered with minimum performance losses. In case of self-oxidation, the anode is 
severely polarized to higher potentials to satisfy the current demanded during cell operation with 
contaminated H2. When oxidation is carried out externally through the means of pulsing current 
[61], it can be termed as pulsed oxidation process. The process of pulsing is determined by several 
factors including the magnitude of the current pulsed (pulse current), the duration of pulsing (pulse 
width) and duty cycle. This process along with the merits and demerits will be discussed in greater 
detail in the following chapters.  
 CO Degradation Modeling Studies 
Modeling on PEFC performance and CO poisoning has been widely developed in the past 
to optimize for CO conversion in the anode, cell potential recovery and other governing 
parameters. Springer et al. developed a steady state theoretical model for PEM fuel cell operation 
on reformate feed [62]. The results have been able to neglect the impact of GDL of anode and 
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cathode on the gas transport dynamics during CO poisoning. Zero dimensional model based on 
CO transient poisoning in PEFCs have also been demonstrated by Zhang et al. [47]. Baschuk and 
Li [63] developed a transient CO poisoning model assuming a constant CO concentration in the 
anode chamber. Similar work is presented by Zamel and Li [64]. However experimental work of 
Zhang et al. [65] and Bender et al. [66] has shown that CO is rapidly adsorbed on the catalyst 
surface and that the CO concentration in the anode chamber varies with time. The zero-
dimensional model takes this variation into account. The equations and their rate constants 
described in this model determine the effectiveness to predict the extent of CO poisoning. Shah et 
al. [67] have developed a CO poisoning model that includes two phase flow, temperature 
variations, kinetic models for oxygen bleeding and Pt-Ru catalysts and have shown results which 
match the experimental variations as well. Furthermore, models related to segmented cell 
experiments which determine the impact of CO poisoning have found significance as they 
elucidate the effect of CO on the surface area with variations in inlet and outlet conditions. 
Reshetenko et al. [68] studied the impact of 2 ppm CO on a PEFC under galvanostatic control 
using a segmented cell system. Similar model was also developed by Gardner et al. [69] to 
investigate the distribution of current in a PEFC operated on CO contaminated fuel  using a 
dynamic pseudo 1 D approach. Current variation occurs at the anode inlet (usually lower 
magnitude) and outlet (higher) which allows the electro-oxidation of CO and reduce the 
concentration in the fuel stream.  
Further studies on mitigation of CO contamination through pulsed oxidation and air-bleed 
have also been investigated by researchers. Sung et. al [51] developed a semi empirical model to 
predict the impact of air bleed on 200 ppm CO oxidation in a PEFC. Similar studies on pulsed 
oxidation strategies to handle CO contamination have also been carried out by Farrell et al. [70]. 
The room temperature studies of 1000 ppm CO contamination show reasonable agreement 
between experimental and modeling approaches. 
1.5. Objectives 
While there is widespread acceptance and understanding of the working of PEFCs with 
high purity H2 as a fuel, the availability and cost implications of operating with this purity may 
substantially impede its commercialization and use. The cost of H2 fuel needs to be comparable to 
21 
that of fossil fuels to gain acceptance in the energy market. However, this is only possible if the 
sources of H2 and its manufacturing becomes cheaper. The research objective of this thesis is to 
develop an effective mitigation technique which enables rational use of impure H2 fuel produced 
in refineries in PEFCs without compromising on the overall efficiency. This also eliminates the 
cost issue of high purity fuel as impure H2 is relatively cheap. Use of impure H2 as is will also 
eliminate the application of intensive purification measures leading to reduced operating costs. 
With such intentions at hand, various mitigation techniques are explored in this research to 
negate the effects of contamination present in impure H2 when used as a fuel in PEFCs. As a 
representative example used for this work, Indian Oil has large amount of H2 produced in their 
HGUs which can be utilized in PEFCs. All the contaminants present are isolated and tested 
extensively for understanding their effects on fuel cells. Special emphasis is given to carbon 
monoxide poisoning for moderate CO concentrations (20-80 ppm) in the fuel, as it is observed to 
be detrimental to performance issues in PEFCs. This work addresses a critical gap in the literature 
for mitigatory actions to accommodate moderate CO impurity levels, whereas most previous 
reports have focused on very low contamination levels, typically below 1 ppm, according to the 
present hydrogen purity standards. The impact of contaminants on the fuel cell catalyst layer is 
tested through polarization data and steps are taken to improve the overall performance. This thesis 
covers a combination of CO mitigation measures such as application of CO-tolerant 
electrocatalyst, air bleeding and pulsed oxidation to tackle the issue of contamination. These 
measures are studied extensively and compared for effective CO mitigation. For different sets of 
CO concentration, the air bleed technique is investigated to understand the process of CO oxidation 
from the catalyst in presence and absence of a CO tolerant electrocatalyst. Similarly, the 
parameters governing the pulsed oxidation method are tested for performance improvement with 
high CO concentrations to determine the best possible configuration of operation at predetermined 
operating current densities in single cell mode. Moreover, these studies are extended to long term 
durations to gauge the viability of this technique in practical fuel cell operating conditions. The 
energy efficiency derived from application of pulsed oxidation and air bleed techniques in presence 
of CO are compared with pure H2 efficiencies to evaluate feasibility of operation. For pulsed 
oxidation, parametric variation and fuel cell conditions of current density and membrane thickness 
are evaluated. For the case of air-bleed, continuous and intermittent studies are compared. Lastly, 
a zero dimensional transient model is developed to model fuel cell conditions in presence of CO 
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to investigate surface coverages of species such as H, OH and CO present at the anode. The model 
is also extended to include pulsed oxidation technique to act as guide for selection of parameters 
with change in fuel cell conditions. The impact of an anode recirculation loop with a continuous 
small bleed is studied in presence of fuel impurities such as CH4 and CO in the anode chamber 
using this model. The overall energy conversion efficiency is compared when operated alongside 
mitigation techniques such as pulsed oxidation and air bleeding. Hence, the overall scope of the 
thesis binds the availability of cheap H2 and its application on low temperature PEFCs through 
several mitigation techniques with comparable energy efficiencies.  
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Chapter 2. Materials and methods 
This work involves research investigations on two different experimental setups pertaining 
to the requirements of the project. The initial studies on performance evaluation of PEFCs are 
carried out at Fuel Cell Research Lab (FCReL), Simon Fraser University (SFU). The main tasks 
are limited to fabrication of Membrane Electrode Assembly (MEA) with constant catalyst loading 
on both sides of the membrane and studying the performance evaluation through test stations. 
Performance evaluation is carried out with pure H2 and air as fuel and oxidant respectively on a 5 
cm2 fuel cell active area hardware assembly. Performance degradation on anode side of fuel cells 
is investigated through contaminant poisoning. On a different setup, simultaneous studies are 
undertaken to investigate the impact of the known contaminants present in refinery H2 
concentration on a 1 kW fuel cell stack at Fuel Cell Stack Lab, Indian Oil R&D. These studies are 
carried out on a commercial fuel cell stack along with synthesized impure H2 as a fuel with specific 
contaminants. The results underlined the impact of contaminants on the stack level and emphasized 
the need for further investigation of CO contamination and its mitigation measures needed for 
performance enhancement. The mitigation strategies are adopted on a single cell assembly with 
modifications in the anode electrocatalyst as one of the techniques for effective CO oxidation. 
Other methods of mitigation are explored on the same configuration for comparative studies. 
Identical MEAs with similar loading, catalyst content and membranes are fabricated for testing 
varying concentrations of contaminants and operating conditions. A detailed description of the 
procedure for MEA fabrication and the test protocol is provided in the next sections.  
2.1. Fuel cell hardware assembly and test station 
The project involves working with various fuel cell hardware based on the assessment 
desired. In case of performance evaluation at SFU, a single cell hardware of 5 cm2 active area is 
used with parallel flow fields allowing the flow of fuel and oxidant onto the MEA. This hardware 
contains gold plated current collectors and end plates fitted with resistive heating rods for transfer 
of electrons and maintenance of temperature conditions respectively inside the cell. The fuel cell 
hardware is compressed with the pneumatic compression jacket at 4.5 bar to obtain a uniform 
compression throughout the cell area. 
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The supply of fuel and oxidant with adequate humidification and controlled temperature 
conditions require accuracy and precision. For this, a test station supplied by Greenlight 
Innovation, model G20, is used to control these process parameters and evaluate the performance 
of the fuel cell assembly. Ambient air compressed to 5.5 bar by the air compressor is used as the 
cathode gas supply. H2 on the anode side is supplied from the H2 tanks installed next to the test 
station. The gases could be delivered at the desired temperature with the use of heating filaments 
wrapped onto the inlet gas supply and insulated by glass wool. Similarly, these gases could also 
be controlled for humidity using the humidification tanks installed in the test station.  
2.2. MEA fabrication 
The preliminary work of MEA fabrication and inspection for performance degradation is 
carried out at SFU. The MEA components and fuel cell hardware used for the studies are listed in 
Table 2.1.  
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Table 2.1. Component specifications involved in MEA fabrication and fuel cell 
hardware 
MEA components  
Component Manufacturer/Supplier 
Nafion NR-211, 212 Membrane Dupont / Fuel Cell Store 
Sigracet 29 BC GDL SGL / Fuel Cell Store 
Pt/C, 40 wt%, High Surface Carbon Tanaka 
Pt-Ru/C, 40 wt%, High surface Carbon Fuel Cell Store 
D 521 1100 EW at 5 wt% Chemours / Fuel Cell Store 
Teflon Sheet Gasket Dupont / Fuel Cell Store 
Polyimide Adhesive Film support 3M/ Digi-Key 
Fuel cell hardware 
POCO block, 5 cm2 parallel flow field Fuel Cell Technologies 
Endplate with heaters Fuel Cell Technologies 
Gold plated current collector Fuel Cell Technologies 
Compression jacket Greenlight Innovation 
 
Assembly process of MEA involves preparation of catalyst ink solution and coating of this 
ink to a polymer electrolyte membrane. Coating of catalyst layer onto the membrane can be carried 
out by transfer of the catalyst ink solution by techniques such as decal transfer, hand brushing, air 
spraying, ink jet printing and ultrasonic spray deposition [71,72]. Certain factors such as catalyst 
loading, catalyst layer thickness, uniformity and porosity need to be taken into consideration to 
create catalyst layers with high reproducibility. For our studies, spray coating methodology is 
followed as it is repeatable for maintaining equal catalyst loading measures. 4D LABS, SFU 
houses the Sono-tek ExactaCoat ultrasonic spray coater facility which contains an ultrasonic 
nozzle spray system used for an automated and repeatable deposition of particles onto substrates. 
The process parameters required to achieve a uniform coating in this facility are a steady control 
of surface temperature base, flow rate, shaping air, run power and idle power of the sonicator. 
Table 2.2 shows the process variables and their settings during the coating process to obtain a 
steady catalyst loading of 0.40 - 0.45 mg cm-2 on either side of the membrane.  
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Table 2.2. Spray coating settings for catalyst ink coating 
Description Value 
Surface Temperature, Ts 80 °C 
Ink flowrate, Vink 0.37 ml min-1 
Shaping air pressure, Pair 0.78 kPa 
Sonicator run power, Prun 3 W 
Sonicator idle power, Pidle 0.5 W 
 
This catalyst layer can be coated on a GDL or a membrane based on the preparation 
procedure followed. In this study, catalyst is directly coated on the Nafion NRE 211 membrane 
with the desired loading required. This creates a catalyst coated membrane (CCM) which can be 
further assembled to form the MEA with GDL on either side of the membrane.  
The catalyst ink is a mixture of catalyst particles, deionized water, ionomer dispersion and 
an organic solvent which works as a transport medium. The total weight of the solids in the ink 
solution is kept between 0.5 – 1.0 wt% to form a suspension which can be deposited easily through 
the nozzle system. Similar studies on the effect of deposition parameters on porosity of catalyst 
layers found an ionomer loading of 30% to be appropriate [73]. The ionomer content is kept at 
30% weight for every gram of fuel cell catalyst to be coated. These weight measures fix the total 
weight requirement of the solids in the solution to be at 3.57 mg solids for every gram of catalyst 
to be deposited. A 0.5 mg cm-2 loading of Pt/C on anode membrane side having an active area of 
25 cm2 would require 12.5 mg of Pt/C catalyst to be deposited.  
Nafion D521 ionomer dispersion is used in the catalyst ink solution. It has 50 wt% volatile 
organic compound (VOC) and 45 wt% water. The amount of ionomer required is 30 wt% of the 
total solution, X.  
Ionomer required, D521 [g] = (0.01 ∗ 0.3 ∗ 𝑋)/(1 − (0.45 + 0.5)) (16) 
Pt/C weight content [g] = 0.01 ∗ 0.7 ∗ 𝑋     (17) 
This solid content determines the catalyst loading. The solvent, methanol or iso propanol 
and water is used to determine the rest of the solution content and form the suspension. This 
solution is fed through the nozzle system at set flow rates and shaping air control to deposit on the 
active catalyst surface area determined on the membrane. The coating is done on patterns and 
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repeated for different cycles determined by the user to deposit the desired amount of catalyst. The 
estimation of the catalyst loading is determined by the difference in the weight of the membrane 
with that of the coated catalyst membrane. If the desired weight is not reached, additional cycles 
of coating is carried out to reach the loading content.  
With the CCM fabricated, it is then assembled with GDLs and a polyimide film adhesive 
to form the MEA. Gaskets are used to control the compression of the diffusion medium when a 
hardware is used for compression. These materials prevent gas or water leaks from the fuel cell 
assembly. Figure 2.1 shows the final assembly of an MEA comprising of the gasket and polyimide 
film after coating process is completed on both sides of the membrane.  
 
Figure 2.1. MEA with GDL and polyimide film 
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2.3. Mitigation studies 
An additional setup is created to undergo studies on degradation due to contaminant gases 
as well as its mitigation techniques. This setup allows the mixing of gases on the anode side to 
facilitate the input of CO (the major contaminant case study) and air into the H2 inlet flow when 
desired to study degradation due to CO as well as its mitigation through air-bleed. Air is used as 
the cathode gas. The gas concentrations tested for contamination experiments carried out at SFU 
are listed below: 
1. Hydrogen – 99.99% and rest N2 
2.  Carbon monoxide - 20, 500 ppm 
3.  Air - range of 0.25 to x% of the total feed input 
4.  Nitrogen – 99.99% purity 
The gas manifold setup developed to enable a controlled mixing of gases on the anode side 
for contamination testing and performance evaluation is shown in Figure 2.2. The anode side 
consists the provision of flowing in all the listed gases based on the requirement of the mitigation 
technique and recovery protocol. The H2-CO gas concentration line can be used to mix in varying 
percentages with the pure H2 gas line to change the resultant CO concentration in the anode feed. 
The Mass flow controllers (MFCs) send in the desired flow rate while the 3way valves can be 
turned on or off with respect to mixing required. The cathode side only has the provision to flow 
air and N2 gas controlled by the controller setup. The gases enter the test station having a 




Figure 2.2. Schematics of gas management system for contamination testing 
An external programmable load, Gamry interface (BK8500) is used to control the current 
flow into the cell for undertaking controlled pulses as a pulsed oxidation mitigation study. 
Integration between the G20 test station and Gamry interface is carried out with the aid of a Python 
script.  
2.4. Indian Oil R&D MEA fabrication and contaminant gas setup 
At Indian Oil R&D Fuel Cell Lab, a similar provision for CCM fabrication and fuel cell 
testing is available. This helped to continue a similar fabrication and assembly procedure for the 
easy comparison of performance studies and its mitigation measures. For fuel cell assembly, Sono-
Tek Ultrasonic Spray coater system is used to coat catalyst ink on polymer electrolyte membrane, 
Nafion NRE 211 membrane. The procedure followed for catalyst ink is the same as the one at 
SFU. With regards to an industrially oriented research project, the surface area for coating is 
increased to 25 cm2. Catalyst loading between 0.4 - 0.45 mg cm-2 is maintained to have comparable 
results for performance evaluation. Two different catalysts are used to coat on the anode side - 
Pt/C and Pt-Ru/C (as a CO tolerant catalyst). Cathode side is limited to Pt/C studies. 
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This CCM is further assembled into an MEA using a Sigracet 29 BC GDL and gaskets for 
thickness adjustment supplied by Sainergy, India. The thickness of the gasket is limited to 0.2 mm 
on both the electrodes which provided adequate width for facilitating compression of the MEA. 
The final assembly of the fuel cell is done using gold coated current collectors, graphite flow fields 
and cell hardware supplied by Sainergy.  Serpentine graphite flow fields are used on the cathode 
side while anode flow field is parallel in nature. For attaining uniform compression, 8 nos. of bolt 
and nuts are used on the hardware with 3 Nm torque application. The lab is equipped with two test 
stations, G 400 and G 60 from Greenlight Innovation. G 400 has capabilities to perform controlled 
tests on fuel cell stacks of up to 10 kW capacity. Similarly, G 60 test station is used for testing 
smaller fuel cells with a maximum capacity of 1 kW. Both these stations have separate gas 
management systems which can mix contaminant gases as desired. Up to 3 contaminant gases can 
be mixed with the primary feed, H2 on the anode side based on the desired flow requirements. 
Similarly, provisions for contaminant gas testing on cathode side is also available. However, 
cathode side contamination is out of scope of this thesis. Figure 2.3 shows the fuel cell hardware 
arrangement with the inlet and outlet gases connected to it for delivery of gases at the required 
process conditions through the G 60 test station. 
 
Figure 2.3. Single cell fuel cell assembly with gas inlet and outlet connections 
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With respect to mitigation studies, similar control is developed to understand the impact of 
air-bleed and pulsed oxidation on a higher surface area fuel cell. Air-bleed strategies are 
investigated using the contaminant gas setup on the anode side. It permits the installation of air 
cylinders with a maximum flow mixing capability of 1 normal liters per minute (NLPM). The CO 
concentration tested at Indian Oil R&D is fixed at 80 ppm.  
For investigation of CO contamination using the pulsed oxidation technique, the 
programmable load at the G 60 test station and Gamry are used when required. Initial 
investigations for selection of parameters governing the pulsed oxidation technique is carried out 
using the Gamry interface. For this, Gamry Reference 5000 E equipped with a Booster capable of 
delivering currents of up to 30 A is used. Figure 2.4 shows the overall setup available at Indian Oil 
R&D lab comprising of the G60 test-station and the Gamry system along with booster capabilities. 
The advantage of Gamry lies in its superior response rate making it possible to implement actions 
faster than the installed load at G 60. The Gamry Load is specifically used to investigate one 
important parameter, pulse width. This parameter requires to pulse current for short duration of 
time, e.g. 0.2, 0.25 and 0.3 s. Once this parameter is fixed, the programmable load at the G 60 is 
used for further investigations such as long-term pulsed oxidation studies. The details of the 
integration of the G 60 Emerald software with Gamry interface through a Python script is discussed 
in the next chapter.  
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Figure 2.4. G60 test station with Gamry Reference 5000 E 
2.5. Characterization techniques 
The fuel cells undergoing various tests for contamination and mitigation is further 
subjected to certain diagnostic methods. Two diagnostic tools, polarization (IV) curves and 
Electrochemical Impedance Spectroscopy (EIS), are used in these studies to aid in identifying and 
quantifying the losses in performance occurring in various stages of cell operation.  
 Polarization curve 
When pure H2 and O2 flows through the anode and cathode at standard operating conditions 
(temperature: 298 K and pressure: 1 atm), a PEFC generates a maximum theoretical open circuit 
voltage (OCV) of 1.23 V. However, in practical conditions, voltage losses are accompanied at this 
stage arising from crossover of reactant species, electron leakage through the membrane or 
contamination due to impurities [12]. These losses alongside others can be depicted through a 
typical polarization curve shown in Figure 2.5 as the current density in the fuel cell is varied while 
the cell voltage is being measured.  
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Figure 2.5. Typical polarization curve showing cell voltage versus current density 
Three major losses are observed as the current density is varied: Activation losses, ohmic 
losses and concentration losses. Activation losses are attributed with electrochemical reactions 
occurring in the cell. The losses from the cathode region contribute more than that of anode region, 
as the kinetics of the ORR is slower than the HOR. The exact nature of this charge transfer reaction 
occurring at the electrode can be explained with the electrical double layer. This double layer exists 
between the electrode and the electrolyte with a build up of charge. The sign of the charge depends 
on the electrode. At the cathode, the potential is higher than the surrounding electrolyte leading to 
a build up of positive charge along the surface of the electrocatalyst and a negative charge in the 
electrolyte leading to the formation of a double layer. The double layer consists of three layers 
including an inner Helmholtz plane (IHP), an outer Helmholtz plane (OHP) and a diffuse layer 
where solvated ions in the electrolyte can interact with the catalyst surface through long-range 
electrostatic interaction. These three layers form the double layer measuring less than 10 nm deep 
into the electrolyte. Activation overpotential arises due to the voltage difference required to drive 
an electrochemical reaction rate (current) across this catalyst-electrolyte interface and is nonlinear 
with change in current. It is shown as a sharp drop in cell potential from open circuit voltage 
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conditions. This is followed by milder losses in cell potential as the current is increased after which 
the ohmic and concentration losses start to dominate.  
Ohmic losses are represented by a linear region in the moderate current density area of the 
polarization curve. The voltage loss is dominated by internal ohmic losses although activation and 
concentration polarization losses in this region are still present. Ohmic losses are dominated by 
the ionic conductivity in the main electrolyte and in the catalyst layers. These losses can be 
attributed to material conductivity and thickness due to which ion and electron pathways may be 
affected.  (a) Material conductivity: The electrolyte and catalyst layer should have the highest 
possible ionic conductivity and other components including the catalyst layer should have the 
highest possible electrical conductivity. (b) Material thickness: The electrolyte and other 
components should be as thin as other constraints permit to reduce the ohmic losses.  
Concentration losses are caused by the reduction of reactant concentration at the surface of 
the electrode which reduces the thermodynamic cell potential and electrode kinetics. These losses 
occur if enough reactants are not supplied to the electrode surfaces for electrochemical reactions 
to take place at a rate determined by Faraday’s Law. Various factors may contribute to the 
restriction of transport to the electrode: Gas-phase diffusion limitations, pore blockage, build up 
of inerts as well as surface blockage by impurities.  
The PEFC cells after being conditioned are tested for similarity in IV characteristics as a measure 
of equal performance. As the current is varied in small increments, the cell potential is recorded 
after a certain stabilization period of 60 s which is then plotted to obtain the polarization curve.  
 Electrochemical Impedance Spectroscopy 
Electrochemical reactions involve the charge transfer from the electrode surfaces which 
can be interpreted in terms of an electric circuit. The second diagnostic method, EIS, is studied 
between the cathode and anode in the galvanostatic mode with a constant current density for 
determining the change in impedance during CO poisoning and mitigation approaches. A simple 
schematic of the two electrodes in a PEFC separated by a membrane is shown in Figure 2.6.  
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Figure 2.6. Schematic of impedances involved in a PEFC 
As seen in the figure, Rct is the charge transfer resistance of the electrode, while Cdl is the 
double layer capacitance. The resistance of the membrane is termed as the electrolyte resistance, 
Rel. Due to the presence of complex electrochemical systems, the term impedance is used for their 
behavior. In this technique, a small alternating current (AC) amplitude perturbation is added to a 
constant direct current (DC) signal with a changing frequency. By scanning the frequency, the 
impedance change can be recorded and each component value can be obtained. A Randles cell is 
obtained by simplifying the circuit shown in Figure 2.6. The EIS data obtained from here can be 
plotted as a Nyquist plot in the form of a semicircle. At high frequency regions, the intercept with 
the x-axis is associated with the electrolyte resistance, Rel. This represents the total ohmic cell 
resistance. The low frequency intercept is the sum of Rct and Rel. The charge transfer resistance, 
Rct, can be determined as the measure of the diameter of the semicircle. The Cdl varies inversely 
with the change in frequencies during the measurement. It is very low at high frequencies while it 
is extremely high at low frequencies. For a PEFC operating with H2/O2 gas feeding arrangements, 
the charge transfer resistance obtained during the measurement of impedance is dominated by 
cathode impedance due to the fast kinetics of HOR. 
For the characterization of impedance for our studies, H2/air gas feeding mode is adopted 
at 0.15 and 0.5 NLPM respectively. A frequency range of 0.1 Hz to 20000 Hz is applied for the 
fuel cell. Impedance measurements are carried out using the Gamry Reference 3000 potentiostat 
by varying the frequency at the stable potential. 
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2.6. PEFC contamination model 
As discussed in Chapter 1, CO poisoning with impure H2 fuel in PEFCs is a commonly 
observed phenomenon. When reformate H2 is used as a fuel in PEFCs, the concentration of the 
impurities in the gas can vary to a certain extent. In this section, a zero-dimensional transient fuel 
cell model is developed to study the impact of varying CO concentration on PEFC operation. In 
developing the model, the following assumptions are made: 
a) All reactants and inert species inside the anode chamber are assumed to be well 
mixed. 
b) Diffusion inside GDL and CL is neglected. 
c) Temperatures and pressures across the fuel cell volume are assumed to be 
constant.  
d) The system is assumed to be at steady state with pure H2 flowing before time t 
= 0. The impure H2 stream is assumed to be introduced at time t = 0.  
e) CO and H2 are the main components assumed to be present in the fuel.  
The CO oxidation mechanism and kinetics has already been discussed in Chapter 1. The 
CO surface chemistry states the affinity for CO and H2 on a surface site M through the following 
mechanism: 
𝐻2 + 2𝑀 ↔ 2 𝐻 − 𝑀                                                               𝑘𝐻2,𝑎𝑑 
→ , 𝐾𝐻 (16) 
2𝐻 − 𝑀 ↔ 2 𝑀 + 2 𝐻+ + 2𝑒−                                             𝑘𝐻,𝑜𝑥
→   (17) 
𝐶𝑂 + 𝑀 ↔ 𝑀 − 𝐶𝑂                                                                 𝑘𝐶𝑂,𝑎𝑑
 → , 𝐾𝐶𝑂 (18) 
The net adsorption rate for H2 is given by: 
𝑟𝐻2,𝑎𝑑 =  𝑘𝐻2,𝑎𝑑 
→ 𝑃𝐻2𝜃0
2 −  𝑘𝐻2,𝑎𝑑 
→ 𝐾𝐻𝜃𝐻
2      (19) 
Where, 𝑘𝐻2,𝑎𝑑 
→  is the adsorption rate constant for H2, and 𝐾𝐻 is the equilibrium constant for 
H2 desorption. 𝜃0 and 𝜃H are the fraction of free sites and surface coverage by H respectively. 𝑃𝐻2 
is the partial pressure of H2 in the anode chamber. The presence of CO on M raises the effective 
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current density leading to a rise in anode overpotential. This rise in anode overpotential is limited 
by the formation of OH ions typically in the range between 0.4 to 0.7 V [56,74]. This variation of 
the range has been attributed to catalyst site configurations responsible for production of OH. 
However, OH adsorbs on the surface sites and participates in reactions only at higher 
overpotentials. Reactions of the adsorbed CO (reaction 18) and OH on the surface sites are 
explained through the following equations: 
 𝐻2𝑂 + 𝑀 ↔ 𝑀 − 𝑂𝐻 + 𝐻
+ + 𝑒−                                        𝑘𝑂𝐻
→ , 𝑘𝑂𝐻
←  (20) 
𝑀 − 𝑂𝐻 + 𝑀 − 𝐶𝑂 → 2 𝑀 +  𝐶𝑂2 + 𝐻
+ + 𝑒−                 𝑘𝐶𝑂,𝑜𝑥
→   (21) 
It is to be noted that back diffusion of O2 from the cathode to the anode side also leads to 
CO oxidation process. However, this O2 may also react with the H2 fuel to form water on the anode 
side. The reaction of O2 with platinum (as a surface site M) is shown which is typically known as 
the PrOx process.  
𝑂2 + 2𝑃𝑡 ↔ 2 𝑃𝑡 − 𝑂       (22) 
 𝑃𝑡 − 𝑂 +  𝑃𝑡 − 𝐶𝑂 ↔ 2 𝑃𝑡 + 𝐶𝑂2      (23) 
Another possibility is the formation of OH to carry out the subsequent reactions of formation of 
CO2: 
𝑃𝑡 − 𝑂 +  𝑃𝑡 − 𝐻 ↔  𝑃𝑡 − 𝑂𝐻      (24) 
Zhang et al. [47] has described the CO poisoning process on the anode and this procedure 
is adopted here as well. This model determines the time dependence of the surface coverage of the 
species, 𝜃𝐶𝑂, 𝜃𝐻 and 𝜃𝑂𝐻, the CO concentration in the anode chamber, 𝑋𝐶𝑂, and the anode 
overpotential, 𝜂𝐴. The schematic for this simplified model of the anode chamber is shown in Figure 
2.7.  
 
Figure 2.7. Schematic for an anode flow chamber 
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Following Zhang, the time dependence of the surface coverage of species in the anode 












=  𝑟𝑂𝐻 −  𝑟𝐶𝑂       (27) 
The definitions and their corresponding values are mentioned in Table 2.3. The rate of H2 
electrooxidation shown in equation (17) is assumed to obey the Butler-Volmer equation: 




)       (28) 
The net rate of CO adsorption is, 
𝑟𝐶𝑂,𝑎𝑑 =  𝑘𝐶𝑂,𝑎𝑑 
→ 𝑥𝐶𝑂𝑃𝐻2𝜃0 − 𝑘𝐶𝑂,𝑎𝑑 
→ 𝐾𝐶𝜃𝐶𝑂     (29) 
Here, 𝑥𝐶𝑂 is the mole fraction of CO in the dry anode gas. The water dissociative adsorption 
reaction, equation (20) is assumed to be reversible and obeys the Butler-Volmer equation as well. 
Its rate is dependent on the anode potential and shown below: 








)   (30) 
Where 𝑘𝑂𝐻
→  and 𝑘𝑂𝐻
←  are the adsorption and desorption rate constants of water and 𝛼𝑂𝐻 is the 
transfer coefficient for the reaction. The CO oxidation shown in equation (21) is irreversible and 
represented as below: 




)      (31) 
Where, 𝑘𝐶𝑂,𝑜𝑥
→  and 𝛼𝐶𝑂 are the rate constant and transfer coefficient for CO electrooxidation 




=  𝜈𝑐𝑖,0 −  𝑣0𝑐𝑖 − 𝑁𝑖𝐴          (32) 
The anode flow consists of the fuel H2 and impurity CO with varying concentrations. From 
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𝑟𝐻,𝑎𝑑        (34) 
The anode overpotential, 𝜂𝐴, is represented in terms of faradaic and capacitive currents. 
The total current flowing through the cell is the sum of the faradaic currents that result from the 
electrochemical reactions in the cell plus the capacitive current that results from the charging and 
discharging of the double layer. The capacitive current can be written as the product of the double 
layer capacitance, 𝐶𝑑𝑙, and the time dependence of the anode potential. This results in the following 






(𝐼 −  𝑟𝐻 − 𝑟𝑂𝐻 −  𝑟𝐶𝑂)      (35) 
The surface coverage species represented in equations 25 – 27 must also satisfy the 
additional constraint of the surface free from any species i, namely:   
𝜃0 = 1 −  𝜃𝐶𝑂 − 𝜃𝑂𝐻 −  𝜃𝐻       (36) 
This results in a set of five ordinary differential equations (ODEs), (25 - 27, 33, 35) that 
needs to be solved. All the parameters with their respective values for solving these equations are 
defined in Table 2.3.  
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Table 2.3. Symbol definitions and parameter values for Pt/Ru catalyst 
Symbol Meaning Value Units 
𝐾𝑐𝑜 CO equilibrium rate constant for desorption 2*10
-6 atm 
𝐾𝐻 H equilibrium rate constant for desorption 0.5 atm 
𝑘𝐶𝑂,𝑎𝑑𝑠
⇢  Forward rate constant for CO adsorption 192 A/cm2atm 
𝑘𝐶𝑂,𝑜𝑥
⇢  Forward rate constant for CO oxidation 4*10-4 A/cm2 
𝑘𝐻,𝑎𝑑𝑠
→  Forward rate constant for H adsorption 402 A/cm2atm 
𝑘𝐻,𝑜𝑥
→  Forward rate constant for H oxidation 4 A/cm2 
𝑘𝑂𝐻
→  Forward rate constant for OH formation 8*10-4 A/cm2 
𝜃𝑂 Fraction of free surface sites Variable  
𝜃𝐶𝑂 CO surface coverage Variable  
𝜃𝐻 H surface coverage Variable  
𝜃𝑂𝐻 OH surface coverage Variable  
𝐹 Faraday’s constant 96500 C/mol 
𝜂𝐴 Anode potential Variable V 
𝛼 Transfer coefficient 0.5  
𝑛𝑖 Number of electrons Variable  
𝑖0 Exchange current density 7*10
-4 A/cm2 
𝑟𝐶𝑂,𝑜𝑥 Rate of CO oxidation Variable A/s 
𝑟𝐶𝑂,𝑎𝑑𝑠 Rate of CO adsorption Variable A/s 
𝑟𝐻,𝑜𝑥 Rate of H oxidation Variable A/s 
𝑟𝐻,𝑎𝑑𝑠 Rate of H adsorption Variable A/s 
𝑟𝑂𝐻 Net rate of water dissociation Variable A/s 
𝐴 Total catalyst surface area 25 cm2 
𝐶𝑡 Atom mole density per catalyst surface area 2.2*10
-9 mol/cm2 
𝐶𝑑𝑙 Double layer capacitance 0.45 F 
𝛾 Anode roughness factor 100  
𝑉𝐴 Anode chamber volume 5 cm
3 
𝜈0 Outlet gas flow rate Variable mL/s 
𝜈𝑖 Flow rate in loop i Variable mL/s 
𝐼 Current density Variable A/cm2 
𝑇0 Temperature 298 K 
𝑅 Gas constant 8.314 J /mol K 
𝑃 Bulk hydrogen pressure 1 atm 




The five ODEs are solved using an ODE solver in Scilab© software. This model is used to 
calculate the surface coverages, inlet CO concentration and anode potentials for the following 
variations: 
i) Anode CO concentration (20, 40, 60, 80 ppm) 
ii) Anode inlet flow (0.13, 0.25, 0.5 NLPM) 
iii) Effect of operating current density for a fixed 80 ppm CO concentration (0.3 to 
0.8 A cm-2) 
The cell potential, 𝑉𝑐𝑒𝑙𝑙, is calculated using the following equations:  
𝑉𝑐𝑒𝑙𝑙 = 1.05 −  𝜂𝑎𝑛𝑜𝑑𝑒 −  𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 −  𝜂𝑜ℎ𝑚𝑖𝑐    (37)      






)        (38) 
𝜂𝑜ℎ𝑚𝑖𝑐 = 𝐼𝑅𝑜ℎ𝑚𝑖𝑐        (39) 
𝑅𝑜ℎ𝑚𝑖𝑐 is the total ohmic resistance of the cell and is measured to be 0.02 ohm cm
2 taken 
from the high frequency intercept of the Nyquist plot of impedance from electrochemical 
impedance spectroscopy (EIS) measured experimentally for a PtRu anode catalyst. A practical 
open circuit voltage (OCV) of 1.05 V is used rather than a theoretical OCV value, considering 
common OCV losses. The membrane resistance is the most important contributor to 𝑅𝑜ℎ𝑚𝑖𝑐 but 
other cell components such as the flow field plates also contribute.  𝑖0 is the exchange current 
density with a value of 𝑖0 = 7 × 10
−4 A cm-2 given by Bhatia and Wang [75].  
The equations developed are tested for validation by comparing the results shown in 
Zhang’s thesis with ours by using the same parameters. The validated results are shown in 
Appendix A.  
These model equations are further extended to study the effect of recirculation on fuel 
efficiency and accumulation of impurities in the anode chamber. The aim of this work is to 
determine the change in concentration of various species in the anode chamber with respect to 
surface coverage of anode species and anode potential in an anode recirculated fuel system. Further 
improvements in fuel efficiency are evaluated by implementing either pulsed oxidation or air bleed 
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to mitigate the effects of CO in a recirculated system. The major assumptions considered for this 
case other than those listed above are: 
a) all impurity species are assumed to be present in the fuel, mainly: CO, CH4, 
CO2 and N2. 
b) perfect mixing in the anode chamber.  
A schematic of the anode fuel recirculation system is shown in Figure 2.8.  
 
Figure 2.8. A schematic of an anode fuel recirculation system. 
Here, gas from the anode chamber is purged at a constant rate, 𝜈0. Impure H2 flows out of 
the tank at a rate, 𝜈1, that is determined by the bleed rate and the rate of removal of H2 at the anode 
due to electro-oxidation of the H2 during operation of the fuel cell.  The total flow rate into the cell 
of 𝜈3 is composed of the recirculation rate, 𝜈2, and the H2 feed flow rate of 𝜈1. The assumption of 
perfect mixing in a constant anode volume chamber gives similar results for a PEFC with 
recirculation and a small bleed rate and that of a PEFC with a dead-ended anode and the same 













𝑥𝑖,𝑎𝑛       (40) 
where 𝜈1 is net rate of inflow and is given by: 
𝜈1 =  𝜈0 + 
𝐴𝑅𝑇0
2𝐹𝑃0
𝑟𝐻2,𝑎𝑑𝑠       (41) 
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The second term in equation (41) gives the volumetric flow rate of hydrogen required to 
sustain the current flowing in the cell [47]. The accumulation of these inerts in the anode chamber 
is defined in terms of the bleed rate, BR and explained in greater detail in Appendix C. For the 
case of impurities such as CO, the adsorption of CO onto the catalyst surface and its removal by 
electro-oxidation needs to be monitored to balance the rate of CO flowing into the cell. This in 
turn affects the overall fuel cell efficiency which shall be discussed in detail in the next section. 
The accumulation dynamics for CO in the anode chamber is further compared with the application 
of mitigation techniques such as pulsed oxidation or air bleed in the anode. The important results 
from this study are discussed in Section 3.6.3 and Appendix C.  
2.7. Efficiency calculations 
This section deals with the overall energy efficiency comparison of fuel cell operation in 
application with a mitigation technique. The cell potential recovery in presence of CO is compared 
with pure H2 potential to measure the effectiveness of these techniques. These efficiency 
calculations are carried out for the following discussions with emphasis on the parameters involved 
during mitigation: 
1. Impact of pulsed oxidation and fuel cell parameters on cell potential recovery 
(Chapter 3.3 and 3.5). 
2. Modeling and experimental comparisons of a pulsed oxidation technique 
(Chapter 3.6.4) 
3. Comparison of continuous and intermittent air-bleed measures (Chapter 3.7). 
For these calculations, the following definitions are applied. The fuel cell electrochemical 
efficiency is defined [76] as the ratio of the electrical energy produced to the chemical energy 
(enthalpy) difference between the reactants and products:  
𝜂 =  
𝐸𝑜𝑢𝑡
𝐸𝑖𝑛
         (42) 
The electrical energy output can be written as 
𝐸𝑜𝑢𝑡 = 𝐼 ∗ 𝑉𝑐𝑒𝑙𝑙 ∗ 𝑡        (42) 
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For simplicity, the assumption is made that the galvanic efficiency is unity. It is further 
assumed that water is produced in the vapor phase, such that the thermodynamic lower heating 
value can be used. At steady state, the overall fuel cell efficiency is therefore equal to its voltage 
efficiency, and the energy input can be written as  
𝐸𝑖𝑛 = 𝐼 ∗ 𝑉𝑇ℎ ∗ 𝑡         (43) 
and thus 
𝜂 =  
𝐼 ∗ 𝑉𝑐𝑒𝑙𝑙 ∗ 𝑡




       (44) 
Here, 𝑉𝑇ℎ is the theoretical open circuit voltage calculated to be 1.19 V at an operating 
temperature of 70 °C derived from Nernst equation [77]. The corresponding fuel cell efficiency, 𝜂  
depends on the pure H2 potential measured for the operated current density. This value will be 
used for reference when the cell is pulsed or bled with air in the presence of CO. All pulsing 
parameters tested for standardization in Chapter 3.3 affect the electrical energy produced by the 
fuel cell due to their influence on the average cell voltage (𝑉𝑎𝑣𝑔) and droptime (𝑡𝑑). 𝑉𝑎𝑣𝑔 and 𝑡𝑑 
are calculated for the 14th and 15th pulses for all the conditions stated for pulsed oxidation variation. 
For the investigation of parametric variation of pulsed oxidation, two scenarios are considered: 
Scenario 1: The electrical energy generated by the fuel cell during the pulses is assumed to 
be wasted. To calculate the overall efficiency for this scenario, the average voltage (𝑉𝑎𝑣𝑔
1 ) and 𝑡𝑑 
are calculated from the peak potential to the threshold potential of the next pulse. The energy 
output during this period is then: 
𝐸1𝑜𝑢𝑡 = 𝐼𝑛 ∗ 𝑉𝑎𝑣𝑔
1 ∗ 𝑡𝑑       (45) 
where, 𝐼𝑛 is the nominal current flowing through the cell (12.5 A) for a 25 cm
2 cell. The energy 
input during the full pulsing period (covering both droptime and pulse events) is: 
𝐸𝑖𝑛𝑝 = 𝐼𝑛 ∗ 𝑉𝑇ℎ ∗ 𝑡𝑑 + (𝐼𝑛 + 𝐼𝑝) ∗ 𝑉𝑇ℎ ∗ 𝑡𝑝      (46) 
where 𝐼𝑝 is the pulse current employed for the pulse time (pulse width) 𝑡𝑝. Thus, the energy 
efficiency under this scenario becomes: 
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𝜂1 =  
𝐸1𝑜𝑢𝑡
𝐸𝑖𝑛𝑝
         (47) 
When compared with the pure H2 energy efficiency 𝜂, the performance recovery measured is: 
𝑥1 =  
𝜂1
𝜂
          (48) 
Scenario 2: The electrical energy output of the fuel cell during the pulse events is assumed 
to be gainfully utilized, which is possible for hybridized systems equipped with a supercapacitor 
and/or a battery pack in conjunction with the fuel cell stack, thus improving system efficiency. The 
energy captured during pulsing is calculated for a fixed pulse width of 0.3 s for a total current of 
nominal current 𝐼𝑛 plus pulse current 𝐼𝑝. The average voltage (𝑉𝑎𝑣𝑔
2 ) is calculated for the duration 
of the pulse only. The energy captured is thus calculated as:  
𝐸2𝑜𝑢𝑡 = (𝐼𝑛 + 𝐼𝑝) ∗ 𝑉𝑎𝑣𝑔
2 ∗ 𝑡𝑝       (49) 
This energy is then added to 𝐸1 to give the total energy captured for the complete cycle 
(droptime and pulse) representing Scenario 2. In this case, the energy efficiency is defined as: 





       (50) 
When compared with the pure H2 energy efficiency, 𝜂, the performance recovery measured is: 
𝑥2 =  
𝜂1+2
𝜂
          (51) 
The results of these studies are discussed in Chapter 3.3 and Table 3.5. This method is 
further extended for fuel cell operation in terms of operating current density and membrane 
thickness. For these calculations, only Scenario 1 is considered, and the results are shown in 
Chapter 3.5. Similarly, the comparison of pulsed oxidation efficiency derived from the transient 
model and experimental study also discusses Scenario 1 in detail in Chapter 3.6.4. For the air bleed 
efficiency calculations, fuel efficiency is again neglected due to the high stoichiometry of the 
anode fuel. The energy efficiency is calculated in terms of voltage recovery comparison in 
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presence of air with pure H2 voltage at the operating current density. The details of these studies 
are discussed in Chapter 3.7. 
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Chapter 3. Results and discussion 
3.1. Initial PEFC stack testing with impure hydrogen fuel 
This section deals with the preliminary studies of impure H2 and its components in a PEFC 
stack. As described in the previous chapter, the refinery H2 produced at the HGU contains a few 
contaminants such as methane, carbon dioxide, carbon monoxide, nitrogen and oxygen. As 
discussed in Chapter 1, reducing the concentration of these impurities has a direct impact on the 
cost of fuel for fuel cell operation.  
To evaluate the impact of these contaminants on PEFC operation, a 1 kW stack is tested 
for performance evaluation at Indian Oil R&D Fuel Cell Stack lab. For this purpose, a 1 kW PEFC 
research stack from Ballard Power Systems, Canada is procured consisting of 30 cells. Each cell 
has an active surface area of 50 cm2. The catalyst loading on each side of the cell is 0.3 mg cm-2 
made of carbon supported platinum. The electrolyte membrane used is Nafion 212 membrane. The 
cathode and the anode are assembled with graphite bipolar plates with serpentine flow field 
designs. The stack conditioning procedure involved operating on pure H2 and air for 6 h at a 
constant operating current density of 0.6 A cm-2 to maintain a stack voltage of 0.6 V per cell. This 
is followed by three continuous polarization curves to check the overall consistency of the stack 
performance. This cycle is repeated three times over a 24 h period to obtain a stabilized steady 
state potential of 0.6 V at 0.56 A cm-2. 
Initial experiments for the evaluation of performance of this research stack are carried out 
with neat H2 gas and air on the anode and cathode respectively for standardizing the operating 
process parameters and establish a baseline data set. The stack is tested for variations in pressure, 
temperature and humidity conditions and evaluated for performance through polarization and 
power density curves. The details of these studies are reported in [20]. With increase in operating 
temperature (from 50 to 80 °C), the power density improved from 11.08 to 13.73 W cm-2 at 1.1 A 
cm-2. Similarly, an increase in pressure from 0 to 250 kPa led to an overall increase in power 
density curve. These variations led to an overall decrease in the ohmic and concentration regions 
of the polarization curve. Improvement in gas diffusivity and water management across the 
membrane are the possible reasons for this improvement. The anode and cathode humidity are also 
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varied from 25 to 95% individually while keeping the other electrode at a constant relative 
humidity of 95%. Anode variations in the stack has little impact on the stack performance while it 
is observed that variations in cathode humidity affected the concentration regions due to effective 
water management.  
The standardized parameters are fixed for the stack for further testing with synthetic impure 
H2 fuel. All contaminants were isolated and tested individually for performance degradation at a 
constant current density using an integrated gas management system as described in Chapter 2. 
The concentrations for the gases are as follows: 
1. Methane – 100, 200, 300, 400 ppm 
2.  Carbon dioxide – 20, 40, 60, 80 ppm 
3.  Carbon monoxide – 5, 10 ppm 
For these studies, the stack is reduced from 30 to 24 cells due to degradation from several 
start/stop cycles while optimization studies with pure H2 were carried out. The contamination 
experiments are carried out at a constant current density of 0.4 A cm-2. Initially, a steady state stack 
voltage is recorded by sending in pure H2 and air at a nominal current density of 0.4 A/cm2. The 
stack voltage is noted, and once stability is attained, H2 blended with a contaminant is sent to check 
for changes in fuel cell parameters for a duration of 4 h. Polarization data is recorded after this 
operation is completed to investigate for any visible performance loss in any of the regions of the 
curve. Following every contamination cycle, the stack is purged with N2 to remove any traces of 
contaminant adsorbed on the catalyst layers of the cells. At open circuit voltage conditions, N2 is 
purged for 30 mins on both electrodes at 20 NLPM flow rates. This ensured a near pristine fuel 
cell condition available for the next set of tests. The health of cell is also confirmed with the 
comparison of the initial polarization test data. Table 3.1 shows the test conditions maintained 
while evaluating fuel cell performance. 
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Table 3.1. 1 kW fuel cell stack operation parameters at anode and cathode 
Test conditions Anode Cathode 
Temperature 80 °C 80 °C 
Pressure 150 kPag 150 kPag 
Relative humidity 95% 95% 
Constituents H2+CO/CH4/CO2 Air 
Flow rate 15 NLPM 28 NLPM 
Current density 0.4 A cm-2 
No. of cells 24 
 
The next sections present the individual effects of CH4, CO2 and CO along with H2 on the 
performance of the PEFC stack.  
 Methane contamination 
H2 production from SMR process will contain traces of methane amongst a range of other 
compounds. As discussed in Chapter 2, the methane concentration lies anywhere between 100 and 
400 ppm when produced alongside H2. Hence, various runs within this concentration range were 
carried out at constant current density to determine the impact on fuel cell health by observing 
variations in cell voltage. Specific CH4 concentrations of 100, 200, 300 and 400 ppm were used at 
a constant operating current density of 0.4 A cm-2. The steady state cell voltage remained constant 
at 0.66 V per cell over the duration of 4 h. At the end of this study, polarization data is obtained 
with the same anode fuel composition and plotted in Figure 3.1. Previous studies indicate CH4 
contamination to affect fuel cell performance when it is above 10% of the total fuel content [25]. 
Performance loss is not observed in our studies as the maximum concentration of methane present 
in H2 fuel does not exceed 400 ppm.  
50 
 
Figure 3.1. Polarization curve comparison of PEFC stack performance with pure H2 and 
varying CH4 concentrations (100 - 400 ppm) 
 Carbon dioxide contamination 
A similar exercise is carried out to understand the effect of CO2 impurity in the H2 fuel on 
the performance of the PEFC stack. As reported from the refinery H2 composition, the maximum 
concentration measured for CO2 is in the range of 20 ppm. The stack is run with H2 + 20 ppm CO2 
fuel for 4 h and a polarization data is obtained at the end of the operation. This step is repeated for 
varying CO2 concentrations (40, 60 and 80 ppm) to detect any changes in stack performance. The 
results shown in Figure 3.2 show no change in stack performance behavior through identical 
polarization curves. CO2 has no detrimental effect on the performance of a stack at this 



























Figure 3.2. Polarization curve comparison of PEFC stack performance with pure H2 and 
varying CO2 concentrations (20 – 80 ppm)  
 Carbon monoxide contamination 
Carbon monoxide in refinery H2 is observed to be in the range of 40 - 80 ppm. However, 
literature studies show that CO can drastically reduce the performance of fuel cells even at lower 
ranges between 5 and 10 ppm. This contaminant mainly affects the anode catalyst layer by 
adsorbing on and blocking the active sites of the catalyst. Presence of CO in H2 fuel causes a 
reduction of active catalyst sites on the anode leading to a slower rate of H2 oxidation reaction. 
Presence of CO on the cathode is highly unlikely unless the air is contaminated by CO through 
other means of pollution.   
The CO contamination testing in the PEFC stack is carried out in lower ppm ranges to 
determine the impact of CO on performance. Two sets of experiments are carried out. A similar 
time dependent contamination experiment is carried out for 5 and 10 ppm CO followed by 
polarization studies. Cell voltage is observed for 4 h at 0.4 A cm-2 with anode and cathode flow 
maintained at 9 NLPM (5, 10 ppm CO contaminated H2 fuel) and 21 NLPM (air) respectively. 
This corresponds to a stoichiometry of 2.5 on both the electrodes. Process conditions of current 
density, operating temperature, pressure and relative humidity are kept as mentioned in Table 3.1. 
The polarization data recorded after this contamination operation is also carried out with the same 

























Figure 3.3. With 10 ppm CO, the available surface gets covered substantially higher than compared 
to 5 ppm CO leading to a higher loss in cell voltage at the same operating current density. The 
catalytic activity of Pt reduces due to blocking of active sites. Thus, higher the CO concentration, 
higher is the loss of activity.  
 
Figure 3.3. Polarization curve comparison of PEFC stack flowing with pure H2 and 
varying CO concentrations (5 and 10 ppm)  
The second set of experiments are carried out by increasing the ppm limit to 15 and 20 ppm 
CO in the fuel. The anode and cathode flow rates are maintained at 15 and 28 NLPM respectively 
at an operating current density of 0.4 A cm-2. Figure 3.4 shows the stack performance with a 
voltage loss of 10 and 20 mV/min when operated with 15 and 20 ppm respectively. In this case, 
the dip in cell voltage and its subsequent recovery with pure H2 is observed. Stack voltage losses 
at 5 and 10% of the initial pure H2 potential is noted. At 10% of the initial pure H2 stack voltage, 
fuel is switched to pure H2 to observe any recovery in potential. It is observed that an increase in 
concentration leads to a rapid adsorption in the anode CL with CO which may cause a reduction 
























Figure 3.4. Time dependent performance evaluation at 0.4 A cm-2 for a PEFC stack 
operated with a fuel input of 15 and 20 ppm CO 
To better illustrate the findings, Table 3.2 shows the time taken for stack voltage losses of 
5 and 10% when 15 and 20 ppm CO are flown in. Fuel with 15 ppm CO shows a 5% potential loss 
after 31 mins of switching to CO while it is quicker for 20 ppm CO at 23 mins. 20 ppm CO is able 
to cover all the surfaces of the anode catalyst leaving very few active sites for HOR. However, this 
is not the case with 15 ppm CO. The 10% loss is reached within a min from the 5% loss state for 


























Table 3.2. Estimation of poisoning time with respect to voltage loss for a concentration 









15 ppm 0 0.684 0 
5 0.650 31 
10 0.616 34 
20 ppm 0 0.683 0 
5 0.649 23 
10 0.615 24 
 
In accordance with the previous protocol, the minimum time for contamination in the stack 
was kept at 45 mins after which a polarization curve was to be generated. However, in this case, 
severe contamination by CO caused the cell potential to drop at an increased rate within 30 minutes 
making the stack cell potential unstable. Hence, polarization curve was not generated as the 
minimum time maintained to obtain an IV curve is about 45 mins. Once the potential falls below 
the 10% limit, the cell voltage is recoverable with the change of fuel input to pure H2. This 
phenomenon is known as CO stripping which causes the CO to strip from the Pt sites by the 
incoming H2 molecules. As the flow rate is higher it is able to sweep off the adsorbed CO from the 
active Pt sites and allow these sites to engage in HOR leading to a recovery in potential. Though 
performance loss due to CO is recoverable through pure H2 purging, this process is inefficient and 
is not feasible in real-world situations (Figure 2 of [33]). Further details of this study can be found 
in [20]. The results reiterate the need for efficient mitigation techniques for CO poisoning in fuel 
cell. The preliminary assessment of other contaminants present in refinery H2, CH4 and CO2, show 
that these contaminants do not affect the cell performance while it can only lead to dilution of H2 
fuel if operated in dead ended mode or recirculation mode. Similarly, assessment of CO poisoning 
in stack level show the severe poisoning nature and the requirement for investigation in single cell 
studies.  
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3.2. Investigation of CO poisoning and air-bleed mitigation technique in 
single cell PEFCs 
The results of stack level studies for CO poisoning show the need for further investigation 
in single cell studies. For this, CO poisoning studies are carried out on a single cell PEFC. The 
studies cover investigations for cell performance dips due to presence of CO as well as possible 
mitigation techniques to overcome this issue. The anode catalysts used for this study are Pt/C and 
Pt-Ru/C. The catalyst loading is maintained between 0.4 - 0.42 mg cm-2 for anode and cathode. 
The PEM is NRE 211 and the CO concentrations used are 20 and 500 ppm to determine the impact 
of low and high CO concentrations for performance.  
The first set of studies involve a 5 cm2 single cell PEFC tested for 20 ppm CO poisoning 
at FCReL, SFU with flow rates of 0.15 and 0.5 NLPM at anode and cathode respectively. The 
relative humidity and fuel cell temperature are maintained at 85% and 80 °C respectively. Figure 
3.5a shows the extent of 20 ppm CO poisoning for a duration of 2 h at different current densities 
for a single cell with Pt/C as anode and cathode catalyst. The cell potential degradation is gradual 
as time elapses and stabilizes only after an hour of poisoning. An equilibrium is obtained with the 
gradual coverage of Pt sites by CO and the simultaneous oxidation of H2 to give a stable potential 
value at a specific current density. At the end of 2 h, the cell is switched to open circuit conditions 
to start the recovery protocol. Here, 0.5 NLPM N2 is flown at anode and cathode for 30 mins to 
remove any adsorbed CO from the surface. The cell is switched to the next current density with 
pure H2 and the steady state potential is recorded. The fuel is switched to 20 ppm CO and run for 
2 h to obtain the stabilized CO potential. This process is carried out with increments of 0.5 A until 
5 A (1 A cm-2). As the current density increases, the demand for H2 oxidation increases leading to 
increasing drop in potentials to maintain the current requirement. Hence, the drop in cell potential 
is lower at low current densities (up to 2 A) while this drop intensifies with rising current densities. 
The steady state CO potential data recorded at the end of 2 h poisoning duration from each current 
density is plotted to form a CO polarization curve and compared with the pure H2 polarization 
data. This is depicted in Figure 3.5b. When compared with stack level studies, CO poisoning at 
0.4 A cm-2 for a 5 cm2 cell show a 10% drop in cell potential after 70 min as compared to 24 mins 
in stack results. This high degradation rate in stack may arise due to various issues such flow 





Figure 3.5. a) Effect of current density on 20 ppm CO poisoning of a single cell anode 
Pt/C PEFC. b) Comparative polarization data from stabilized 20 ppm CO 
potential and pure H2   
In contrast, use of a Pt-Ru catalyst on the anode greatly enhances the CO tolerance behavior 
of a PEFC. As discussed in Chapter 1, the Ru atoms facilitates the oxidation of CO by making 
available OH ions on the anode. Anode surface gets activated again to help in the oxidation of H2. 
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catalyst. The process conditions remain the same while the current density is varied only from 0.6 
to 0.9 A cm-2 to emphasize on the higher current density behavior. This range of current density is 
chosen to determine cell potential changes with CO in higher current densities. The drop in cell 
potential with respect to change in current density is depicted in Figure 3.6a. Pure H2 polarization 
is compared with the stabilized CO potential data. The potential difference of the two cells with 
different anode catalysts show the higher tolerance to CO as compared to Pt/C. As observed in 
Figure 3.6b, at 0.6 A cm-2, the deviation of cell potential is ~140 mV while for a Pt/C anode catalyst 
(Figure 3.5b), the deviation is ~290 mV. This deviation is consistent at higher current densities for 





Figure 3.6. (a) Effect of cell potential with change in current density on a 20 ppm CO 
operated on a single cell Pt-Ru/C anode PEFC. Comparative polarization 
curve for pure H2 and (b) 20 ppm CO and (c) 500 ppm CO fuel.  
The tolerance of the Pt-Ru anode to CO is further tested using 500 ppm CO at different 
current densities (Figure 3.6c). In this case, the current densities are varied from 0.2 to 0.8 A cm-2 
to determine the impact of 500 ppm CO. The comparison of polarization for pure H2 and 500 ppm 
CO reveals a larger difference of potential in respective current densities owing to the higher CO 
concentration. At higher current densities, the potential difference increases by up to 250 mV (500 
ppm) compared to 140 mV (20 ppm) at 0.8 A cm-2. These studies establish the role of Ru as a CO 
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variations in CO concentration to observe anode overpotential changes in polarization testing 
(Figure 1, [78]). As mentioned in Chapter 1, there are different types of catalysts which are used 
in combination of Pt on the anode side to reduce the difference in potential. However, this CO 
tolerance is only possible up to a limit and does not facilitate complete oxidation of CO to obtain 
pure H2 potential limits. The higher CO concentrations are relevant for further investigations as 
H2 obtained from SMR processes may contain CO concentrations up to 1% depending on the 
purification standards maintained. The suitability of using impure H2 with high CO concentrations 
can do away with purification measures to bring down the impurity concentrations to below 0.2 
ppmv as mentioned in ISO-14687-2.  
The tolerance to CO poisoning with variation of catalysts are diagnosed using EIS 
measurements. Impedance results are analyzed when the operating current density is varied along 
with variation of the anode fuel (pure H2 and 20 ppm CO mixed with H2) and shown in Figure 3.7. 
Two different electrocatalysts are compared to illustrate the resistance behaviors of the fuel cell to 
CO poisoning. The electrolyte resistance (Rel) or HFR in both the cases of catalyst at different 
current densities remains approximately the same. Figure 3.7a shows the variations for a Pt/C 
catalyst. For pure H2, the RCT data increases from 0.06 to 0.085 Ω while when CO is flown in, the 
RCT increases between 0.16 to 0.21 Ω as the operating current density is increased. The HFR value 
remains constant for both CO and H2 fuel at 0.02 Ω. The presence of CO does not change the Rel 
compared to that of pure H2 values indicating no change of resistance in membrane. The major 
change is observed in the charge transfer resistance (RCT) of the cell at the low frequency region. 
Wagner et al. showed this increase of RCT to be mainly due to the presence of CO on the anode 
while the cathode RCT remained mostly constant [79]. The effective charge transfer is a result of 
both the charged (H2) as well the uncharged (water) species on the anode. In the presence of CO 
tolerant Pt-Ru/C electrocatalyst, the values differ significantly (Figure 3.7b). The HFR value for 
both fuel variations change to 0.016 Ω. The RCT data shifts are limited to within 0.1 Ω. For 0.9 A 
cm-2, change in RCT value between H2 and CO fuel is about 35% for Pt-Ru/C as compared to Pt/C 
of 130%. Due to a continuous inflow of CO leading to its adsorption and desorption by oxidation, 
it can be assumed that the anode experiences a quasi-stable distribution of the species involved. 
This also results in a similar atmosphere on the cathode side resulting in an overall shift in the 
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charge transfer resistance of the cell. Due to the presence of a smaller number of active catalyst 




Figure 3.7. Impedance spectra of 20 ppm CO and pure H2 fuel in presence of (a) Pt/C 
and (b) Pt-Ru/C anode catalyst at varying current densities 
Degradation of catalyst area through poisoning and dissolution may still occur with long 










































sections focus on the application of other mitigation techniques such as air-bleeding or pulsed 
oxidation alongside a CO tolerant electrocatalyst (Pt-Ru) for efficient use of impure H2 fuel.  
 Mitigation technique: Air bleeding 
The contamination studies in stack and single cell provide an overall understanding of CO 
poisoning and baseline data for PEFC operation with impure H2. Use of Pt-Ru as an anode catalyst 
aids in performance recovery at higher CO concentrations in comparison with Pt, but still falls 
short of the cell performance with pure H2. The process of air or oxygen bleed is discussed in detail 
in Chapter 1. Oxygen in air reacts with the adsorbed CO to produce CO2 thereby freeing the active 
catalyst sites on the anode to make them available for HOR. This section deals with the application 
of anode electrocatalysts (Pt and Pt-Ru) in addition to air-bleeding as a mitigation technique for 
CO poisoning. Air is injected on anode side of a single cell PEFC through a gas mixing setup and 
performance recovery is analyzed.  
The single cell testing setup at Indian Oil R&D is used for studies on air-bleed which allows 
a mixture of varying percentage of air and fuel on the fuel side of the cell for oxidation of CO 
through the gas management system. 80 ppm CO is chosen as the contaminant concentration for 
this study as the Indian Oil refinery H2 concentration averages a CO concentration of this level. 
For this, two gas cylinders are blended to form the resultant gas composition with 80 ppm CO: a 
200 ppm CO containing H2 and a pure H2 (99.999% purity) cylinder. A separate air cylinder is 
connected to the anode line with a regulator to control the flow of air. Table 3.3 shows the amount 
of flow from the respective gas lines to create a final fuel input of 80 ppm CO in H2 with 4% air 
(as a reference) for a fuel cell area of 25 cm2. With regards to air-bleed mitigation, research 
suggests that up to 10 - 15% air in the anode flow poses no safety concerns  due to combustion etc. 
[80]. These values are used in the Emerald software of the G 60 Greenlight test station which 
regulates the flow of MFC for different lines to adequately blend H2, CO and air. These values can 
be changed if the input fuel and air-bleed requirements change based on prevailing conditions.  
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Table 3.3. Total flow and percentage values for 80 ppm CO and 4% air input fuel 
For 25 cm2 area 
Pure 
H2 
CO in CO 
cylinder 





Flow (NLPM) 0.3 0.00004 0.19996 0.2 0.021 0.521 
Percent 57.60% 0.008% 38.39% 38.40% 4.0% 100.0% 
 
Two different electro-catalysts were used on the anode side (Pt/C and Pt-Ru/C) while 
cathode consisted of Pt/C. Nafion 211 membrane is used as the polymer electrolyte and Sigracet 
29 BC is used as the GDL. The fabrication procedure is discussed in detail in Chapter 2. The 
following section deals with a Pt/C anode catalyst tested with 80 ppm CO for CO tolerance and 
subsequent mitigation with small percentage of air.  
CO tolerance and air bleed with a Pt/C anode catalyst 
With the use of Pt/C as anode catalyst, the CO tolerance behavior of the cell is tested at 0.5 
A cm-2 for a 25 cm2 fuel cell and shown in Figure 3.8. The cell voltage with pure H2 is recorded at 
~ 0.63 V after undergoing the conditioning protocol with anode and cathode flow rates of 0.5 and 
2.5 NLPM respectively. When 80 ppm CO is introduced at time t = 0, the reduction in active 
catalyst sites leads to a gradual decrease in cell voltage with time. The cell potential decreases at 
a higher degradation rate of 14.5 mV/min as compared to 1.8 mV/min for a 20 ppm CO 
contamination (Figure 3.5a, 2.5 A dataset). It depicts the cell degradation effects of handling a 
higher CO concentration as compared to 20 ppm. The fuel input is switched to varying percentage 
of air (1 to 4% of the total flow) and inspected for CO oxidation capability at the end of 1200 s as 
it reaches a potential of 0.35 V (Figure 3.8b). Most air bleed ratios used here achieve at least 200 
mV rise in cell potential, with a steady state potential within 30 mV of the pure H2 potential. This 
indicates a major extent of oxidation of adsorbed CO. 4% air is able to quickly oxidize the adsorbed 
CO within 48 s and recover the potential to 0.61 V. A recovery of 0.60 V is achieved after 210 s 
for 2% air while 0.61 V is achieved for 3% air bleed within a span of 73 s. Based on the recovery 
duration, it is necessary to optimize the air bleed to make it suitable for providing a constant source 
of power in practical situations. A further increase in air percentage could increase the rate of 
oxidation but a regular use of increased air bleeds in the fuel may cause fuel dilution and losses 
causing reduction in fuel efficiency.  
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Figure 3.8. a) 80 ppm CO contamination for a Pt/C anode PEFC operating at 0.5 A cm-2. 
b) Recovery of cell potential with varying air bleed (1,2, 3 and 4 % air in 80 
ppm CO fuel) as the potential reaches degrades to 0.35 V for 80 ppm CO 
contamination 
The next study deals with the application of continuous and intermittent air bleed. For these 
studies, the cell is conditioned with nitrogen purge at OCV to remove any residual CO left behind 
and bring it to a pristine state. Figure 3.9 shows at time t = 0, a fuel mixture of 80 ppm CO with 
H2 is flown in with varying air percentages (2, 3 and 4%) for a duration of 1 h to observe variations 
in cell potential. Pure H2 and 80 ppm CO performance cell potential is shown for reference. The 
results reveal a similar observation of the need for a higher air percentage to mitigate the adsorbed 
CO on the surface. Presence of air along with CO from time t = 0 may not completely stop the CO 
from adsorption on the catalyst surface. Some CO will still adsorb on the catalyst and cause its 
deactivation leading to a small drop in cell potential when compared with pure H2 potential. A 
complete recovery of potential is not observed, and 4% air dataset provides the best recovery out 

































Figure 3.9. Effect of continuous air-bleed on mitigation of 80 ppm CO operated on a 
single cell Pt/C anode catalyst PEFC at 0.5 A cm-2  
Following this, the next study dealt with intermittent air-bleed experiments at a constant 
current density of 0.5 A cm-2. Air is sent intermittently for a set duration of time to reduce the 
overall dilution of the fuel. As 3% air offered favorable oxidation results in the previous data, it is 
chosen as the concentration of air to be used. To reduce the dilution effect, the air is intermittently 
sent for x s and stopped for 10 – x s in a total cycle duration of 10 s. Two sets of data are collected 
for the same cell with 3% air bleed: 5 s on and 5 s off; and 7 s on and 3 s off. Figure 3.10 shows 
the comparison of continuous air bleed study with intermittent bleed to check for changes in 
potential values. Table 3.4 shows the overall drop in potential for both the results of the air bleed 
variation. From the potential drop variations, it is observed that a 50% utilization of the 3% air (5 
s on 5 s off) showed a percentage recovery of potential which is 1.6% lower than continuous 3% 
air bleed data (96.9% recovery). However, the fuel dilution too would be reduced by 50% which 
makes it more feasible in terms of fuel utilization. Similarly, a 70% utilization of 3% air (7s on 
and 3 s off) showed a performance recovery of 1.5% less than continuous air bleed data. These 
variations in the air bleed show the use of this mitigation technique as an added approach towards 





























Figure 3.10. Effect of intermittent air-bleed on mitigation of 80 ppm CO operated on a 
single cell Pt/C anode catalyst PEFC at 0.5 A cm-2  
 
Table 3.4. Potential drop estimation with 80 ppm CO at 0.5 A cm-2 for continuous and 








Pure H2 0.65 0.64 0.17 
80 ppm CO 0.63 0.18 7.5 
2% air continuous 0.64 0.61 0.5 
3% air continuous 0.64 0.62 0.33 
4% air continuous 0.64 0.63 0.17 
3% air – 5s on 5s off 0.64 0.61 0.5 
3% air – 7s on 3s off 0.65 0.62 0.5 
 
Impact of a higher current density operation on air bleed and performance evaluation is 
further investigated for a Pt/C anode catalyst PEFC with the same flow rate conditions (0.5 and 
2.5 NLPM for anode and cathode respectively) as described above. Figure 3.11 shows the air bleed 
percentage check (1, 2, 3 and 4%) at 0.6 A cm-2 on a Pt/C catalyst anode PEFC using 80 ppm CO 
containing fuel. The pure H2 cell potential is 0.61 V which is then switched to 80 ppm CO at time 
t = 0 (not shown in the figure). It shows the minimum amount of air required to oxidize the 

























3% - 5s on - 5s off
3% - 7s on - 3s off
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sufficiently oxidize the CO from the surface, resulting in a further deterioration of cell voltage. 
This indicates the impact of a high current density operation demanding a larger number of H+ 
ions which cannot be fulfilled due to inactive catalyst sites. However, when 3 and 4% air is tested, 
the cell voltage is revived with the removal of CO from the anode surface. 3% air requires about 
10 more seconds than 4% air to strip the CO from the surface so that H2 oxidation can occur. The 
performance recovery with respect to pure H2 potential is 96.7% (a stable potential of 0.59 V is 
reached). This emphasizes the careful need for investigation of CO mitigation with respect to 
variation of operating current density.  
 
Figure 3.11. Air bleed percentage check for 80 ppm CO contamination operated at 0.6 A 
cm-2 for an anode Pt/C PEFC 
The results indicate the need to increase the air bleed percentage in order to mitigate the 
CO adsorbed completely from the surface. However, further increasing the air percentage might 
improve the cell performance momentarily, but it may also lead to degradation of the membrane 
with production of H2O2 in long term durations. CO tolerant anode catalysts might help in 
augmenting the recovery of performance with a higher efficiency. In the next study, Pt-Ru/C 
catalyst is used to further understand the impact of changing the catalyst property for CO tolerance 
and oxidation. As described in the literature, the CO oxidation onset potential is lowered in 
presence of Ru as compared to Pt [81]. Addition of this element in a binary form allows a better 
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CO tolerance and air-bleed with a Pt-Ru/C anode catalyst 
Air-bleed mitigation is further tested with a Pt-Ru/C anode catalyst at similar operating 
conditions to determine the extent of degradation on a 25 cm2 active area PEFC. Figure 3.12 shows 
the preliminary investigation of the use of Pt-Ru/C over Pt/C anode catalyst operated with 80 ppm 
CO and 0.5 A cm-2 current density. In case of Pt-Ru/C, the cell potential dropped from 0.64 V 
(initial stable potential at time t = 0) to 0.47 V (after t = 40 min) at a degradation rate of 4.25 
mV/min. This change is far less severe as that observed for Pt/C with similar operating conditions 
(14.5 mV/min). In addition to facilitating the formation of OH at a lower anode potential, CO is 
also bonded more weakly so that there is more available surface area for Pt/Ru than for Pt for 
hydrogen oxidation. This indicates the higher CO tolerance behavior of a Pt-Ru/C catalyst 
compared to Pt/C due to its lower oxidation onset potential of CO. Pure H2 potential for the same 
duration on a Pt/C catalyst is also shown for comparative purposes.  
 
Figure 3.12. 80 ppm CO contamination comparison for a Pt-Ru/C and Pt/C anode PEFC 
operating at 0.5 A cm-2 
With the objective of testing air-bleed in the lower range of CO poisoning, air bleed studies 
are carried out at FCReL, SFU to determine CO mitigation behavior of Ru. The cell area is 5 cm2 
and the CO concentration used is 20 ppm with similar loading and membrane thickness. The test 
station, G20, at SFU allowed the use of smaller fuel cell area as well as test lower than 1% air-



























are maintained at 0.15 and 0.5 NLPM respectively. The cell is conditioned at 80 °C through a 
series of constant current density operating conditions and polarization cycles to provide a stable 
pure H2 potential of 0.62 V at 0.5 A cm-2. Figure 3.13 a, b shows the performance drop and air 
bleed percentage check (from 0.25 to 5%) for a cell operated at 0.5 A cm-2. At time t = 0, the cell 
provides a steady state potential of 0.62 V and is switched to 20 ppm CO to check the 
contamination progress. The small active area and small concentration of the CO in fuel has an 
impact on reversible degradation as well as recovery. The drop in potential recorded is about 70 
mV in an hour (1.17 mV min-1) due to presence of Ru in the catalyst. It is observed that 
performance recovery with air bleed is obtained for all the variations of air bleed. Within 100 s, 
the performance is recovered up to ~0.6 V as compared to the initial pure H2 potential of 0.62 V. 
Even 0.25% air bleed is able to recover the potential drop through CO oxidation, though it requires 
about 50 s for O2 to oxidize the adsorbed CO and free up enough active catalyst sites to recover 
the lost cell potential. The 3% air bleed is able to oxidize the adsorbed CO much quicker (within 
the first 10 s) to obtain a recovery percentage of 96.7% as compared to pure H2 potential.  
  
Figure 3.13. a) 20 ppm CO contamination for a Pt-Ru/C anode PEFC operating at 0.5 A 
cm-2. b) Air bleed percentage check for 20 ppm CO contamination 
To further test the impact of higher operating current density, a new cell of active area 5 
cm2 and Pt-Ru anode is fabricated and operated at 0.6 A cm-2 and 20 ppm CO. Figure 3.14 shows 
the drop in cell potential in presence of 20 ppm CO and its subsequent air bleed check (0.25 to 3% 
































ppm CO, the cell potential dropped to 0.56 V in 35 mins of poisoning and stabilized in this range. 
The potential decay of 2.86 mV min-1 is observed to be considerably faster than that at 0.5 A cm-2 
(Figure 3.13a, 1.17 mV/min). The air bleed experiments also reveal the inability of small air-bleeds 
below 1% to fully oxidize CO and recover the potential at this current density. This behavior of a 
low concentrated CO fuel at high current density is akin to having a high CO concentration fuel 
operated at a slightly lower current density. The 3% air bleed data is able to completely oxidize 
the adsorbed CO within a span of 80 s as compared to the previous results (Figure 3.13b, 3% bleed 
- 10 s). These studies reveal the impact of combining a CO tolerant electrocatalyst such as Ru with 
air bleed as an external mitigation technique to aid in an efficient CO oxidation procedure.  
  
  
Figure 3.14. a) 20 ppm CO contamination for a Pt-Ru/C anode PEFC operating at 0.6 A 
cm-2. b) Air bleed percentage check for 20 ppm CO contamination 
EIS studies with varying anode catalyst and air bleed 
The next set of experiments deal with impedance behavior on application of air bleed for 
mitigation of CO poisoning. Figure 3.15 shows the EIS trends of the two anode catalysts: a) Pt/C 
and b) Pt-Ru/C, subjected to varying fuel input at an operating current density of 0.8 A cm-2. The 
protocol for comparing the EIS response in response to air bleed is as follows: the cell is run on 
pure H2 fuel until a stable potential is reached. The Gamry Reference 3000 is then connected 






























Hz to 0.1 Hz. Similarly, other fuels are tested: 20 ppm CO mixed with H2 and 3% air bleed with 
20 ppm CO mixed with H2 fuel. For these two fuels, a duration of 2 h is fixed so that a stable 
potential is reached prior to impedance measurement. The flow rates for all these studies are kept 
at 0.15 and 0.5 NLPM respectively for the anode and cathode. Presence of Ru electrocatalyst and 
3% air bleed (denoted by AB in the figure) causes the RCT of the cell to match pure H2 impedance 
results even in the presence of CO. In the case of Pt catalyst, there is still a difference of 0.012 
ohm for the RCT value in presence of air-bleed and CO as compared to pure H2 values. The decrease 
in charge transfer resistance of the anode due to a stable mitigation measure with air bleed and Ru 
atoms for facilitating CO oxidation eases the ORR process. Moreover, it is observed that CO 
poisoning and air-bleed has no measurable impact on HFR irrespective of the electrocatalyst 





Figure 3.15. Impedance spectra of pure H2, 20 ppm CO and 3% air bleed (AB) with 20 














































This section has demonstrated the impact of a CO tolerant electrocatalyst and air bleed on 
mitigation of CO poisoning for moderate concentrations of CO in PEFC operation. The next 
section deals with the alternative process of pulsed oxidation mitigation to tackle CO poisoning in 
PEFCs along with the use of CO tolerant electrocatalysts. It also covers the aspects of long term 
operations of pulsed oxidation and its impact on degradation of PEFCs. 
3.3. Strategic implementation of pulsed oxidation for mitigation of CO 
poisoning in PEFCs 
The impact of pulsed oxidation mitigation technique on CO poisoning in PEFCs is the 
focus of this section. The detailed results and discussion from these studies have been published 
in a journal article included in Appendix B. The information presented here is a summary of this 
technique and the results surrounding it. The pulsed oxidation technique addresses the issue of CO 
contamination through the electrochemical oxidation of CO to CO2 with the aid of pulses of current 
[61]. In normal circumstances, incoming CO in the anode fuel gets adsorbed on the catalyst sites 
and inhibits HOR. This leads to a steady drop in cell potential as the anode overpotential increases 
and reaches a range of potential of 500 – 700 mV. In this range, CO electro-oxidation is favorable 
and leads to formation of CO2 and clearing up of the active sites. This is termed as spontaneous 
oscillation of cell potential. In this regime, the cell is unable to deliver steady cell potential in the 
continuous presence of CO. The technique of pulsed oxidation administers short current pulse to 
cause an increase in the anode overpotential for a forced conversion of the adsorbed CO to CO2 
[61]. This technique differs from air-bleed as there is no addition of oxygen in the anode feed for 
CO oxidation. This prevents dilution of fuel as well as production of H2O2.  
In this work, 500 ppm CO in H2 fuel is tested on a single cell PEFC operated at 80 °C for 
performance evaluation and its subsequent mitigation through pulsed oxidation. Two different cell 
areas, 5 and 25 cm2, are tested for these studies with Pt-Ru as the anode electrocatalyst and Nafion 
211 as the PEM. The governing parameters of pulse width, pulse current and threshold potential 
which make up this technique are studied in detail for performance improvement with impure fuel. 
These parameters affect the CO oxidation process in different ways in set conditions of flow rate 
and process parameters of temperature and pressure. The use of a threshold potential for pulse 
administration is a novel contribution of this work, whereas previous publications used a set 
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frequency of pulsing. Figure 3.16 shows a representative example of the effect of pulsed oxidation 
on a PEFC operated on 500 ppm CO at 80 °C. This figure also illustrates the procedure used for 
administration of current pulses. As the incoming CO gets adsorbed on the catalyst sites, the cell 
potential dips and reaches a predetermined potential value, i.e. the threshold potential, to trigger a 
pulse current of given magnitude. This is done for a set time period, the pulse width, tp which 
causes the anode overpotential to increase sufficiently to induce CO electro-oxidation. Pulsing 
leads to restoration of the cell potential to a peak value, termed here as the peak potential, which 
indicates restoration of normal HOR activity. In order to assess the effects of pulse width, threshold 
potential and pulse current parameters on the effectiveness of pulsed oxidation, the variations of 
peak cell potential, average cell potential and droptime measurements are monitored and 
compared. The droptime, td, is the time taken for the cell potential to dip from the peak potential 
value to the threshold potential value. The average cell potential, Vavg, is measured as the average 
of the cell potential measurements during each droptime period.  
 
Figure 3.16. Simplified illustration of pulsed oxidation technique for CO electro-oxidation 
74 
Figure 3.17a shows the pulsed oxidation cell potential dynamics of 15 pulses triggered on 
a 5 cm2 active area PEFC operated on 500 ppm CO in H2 at 0.5 A cm-2. The anode and cathode 
flow rates are maintained at 0.15 and 0.5 NLPM respectively. 3 A pulse current is pulsed for 0.3 s 
pulse width when a threshold potential of 0.56 V is reached as the contamination proceeds. For 
each pulse cycle, a gradual decay in cell potential is observed during the CO contamination phase 
followed by a sharp rise in potential upon pulsing, indicative of successful CO stripping. The 
droptime and peak potential measurements for all 15 pulses are plotted in Figure 3.17b. The results 
show a stabilization of these measurements after about 10 pulses. The delay in global equilibration 
could be attributed to local dynamic variations ranging from inlet to outlet and under channels and 
lands of the cell. Hence, for comparative purposes the measurements of the 14th-15th pulse are 





























Figure 3.17. a) Pulsed oxidation technique demonstration of a Pt-Ru anode catalyst fuel 
cell operated at 0.5 A cm-2 with a 3 A pulsing current, 0.3 s pulse width, and 
0.56 V threshold potential for 15 pulses. b) Peak potential and droptime 
calculations for 15 pulses 
Pulse widths of 0.2, 0.25, 0.3 and 0.35 s are tested to determine the changes in peak 
potential and droptime variations. 0.3 s pulse width provides the highest peak potential of 0.645 V 
as well as the longest droptime of 10.8 s (Figure 3.18) amongst other variations. This pulse width 
is used for further experiments on a larger cell of 25 cm2 to determine the feasibility of this 






































Figure 3.18. Droptime and peak potential measurements of 3 A pulse response 
administered at a threshold potential of 0.56 V with various pulse widths 
(0.20, 0.25, 0.30, and 0.35 s) for a fuel cell undergoing CO contamination at 
0.5 A cm-2 (Legend entry: V: peak potential; T: droptime) 
Next, threshold potentials of 0.45, 0.5, 0.53 and 0.56 V are tested to determine the pulsed 
oxidation impact on a 25 cm2 active area PEFC. The anode and cathode flow rates are maintained 
at 0.5 and 2.5 NLPM respectively.  The process conditions, CO concentration and pulse width are 
kept the same while the pulse current is increased to 7.5 A (0.3 A cm-2) on top of the nominal 
operating current density of 0.5 A cm-2. The initial CO contamination duration for all these tests 
is about 150 s until it reaches about 0.58 V from the initial pure H2 potential of 0.62 V. After this 
stage the time required for the cell potential to drop to the stated threshold potential reduces 
drastically. Figure 3.19 shows the magnified image of the trend of contamination for various 
threshold potential datasets. CO coverage is lower as the threshold potential is increased (0.45 – 
0.56 V) and, thus, less time is needed for enough CO to flow back into the cell to re-poison the 
catalyst. The gradual increase in threshold potential also facilitates an increase in the peak potential 
measurements calculated as 0.619, 0.622, 0.625, and 0.626 V, respectively, showing that the lower 
CO coverage at high threshold potential is more readily oxidized by the applied pulse. The choice 
of threshold value also affects the time-averaged cell potential; here, the highest threshold value 
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Figure 3.19. Magnified view of to the first seven pulse periods for four different threshold 
potentials (0.45, 0.50, 0.53, and 0.56 V) variations in a 25 cm2 PEFC operated 
at 0.5 A cm-2 and 500 ppm CO fuel 
Pulse current variations are investigated similarly on a 25 cm2 PEFC operated on 500 ppm 
CO in H2 at 0.5 A cm-2. Three pulse currents (6, 7.5 and 9 A) are tested at a threshold potential of 
0.56 V and 0.3 s pulse width. It is observed that with increase of pulse current, there is a small 
increase in droptime as well as average cell voltage leading to a longer pulse experiment of 323 s 
(9.0 A pulse current) compared to 299 s (6.0 A pulse current). However, a higher pulse current 
also implies proportionately higher rate of H2 conversion during each pulse, which may negatively 
affect the energy conversion efficiency.  
A complete assessment of the efficiency trade-offs is carried out by comparing energy 
conversion efficiencies during the pulsed oxidation process in presence of CO with that of pure H2 
efficiencies. The method of efficiency calculation and possible scenarios for energy management 
during pulsing is discussed in Chapter 2.7. All these studies are done at a nominal current density 
of 0.5 A cm-2 for a 25 cm2 PEFC. The pure H2 potential, 𝑉𝑐𝑒𝑙𝑙,  at an operating current of 12.5 A 
is recorded at 0.62 V. The 𝜂 measured as per equation (44) during steady state operation is 0.521. 
This value will be used for reference when the cell is pulsed in the presence of CO. Table 3.5 
shows the two scenarios in consideration for comparison of energy efficiency. When running 
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performance from 0.625 to 0.40 V within 150-200 s at a constant operating current density. This 
represents a meagre 64% performance recovery compared with pure H2, 𝜂. In contrast, the pulsed 
oxidation technique assessed under Scenario 1 and 2 (Table 3.5) reaches performance recovery 
(𝑥1and 𝑥2) levels between 90 and 95%. These findings imply the importance of incorporating a 
mitigation technique, in addition to Pt-Ru anode catalyst, to overcome the CO poisoning process 
and provide a favorable average cell potential with highly contaminated fuel.   
For the case of threshold potential variation, the recorded data show that high threshold 
potentials generally provide higher energy efficiency and performance recovery compared to low 
threshold potentials. Under Scenario 1, the highest performance recovery of 93.2% is achieved 
with the highest threshold potential, 0.56 V, while the highest performance recovery under 
Scenario 2 (95.0%) is reached with both 0.53 and 0.56 V. This is attributed to the higher average 
cell potential during the droptime period, which dominates the energy conversion given its 
considerably longer duration (~10 s) than the pulse period (0.3 s). On the other hand, the lowest 
threshold potential (0.45 V) records a relatively low performance recovery of 90.4% under 
Scenario 1 improved to 93.2% under Scenario 2. Overall, the energy harvested during the pulse 
period in Scenario 2 contributes roughly 2-3% performance recovery. These results coupled with 
droptime and peak potentials provides a strong reason to use a higher threshold potential for 
effective CO oxidation, preferably in combination with energy harvesting during pulsing. Using a 
fixed threshold potential to administer pulses is also advantageous, as it can be leveraged to 
enhance operational efficiency.  
The effect of pulse current on energy conversion efficiency and performance recovery is 
less significant than that of threshold potential. A marginal improvement (<1%) of both efficiency 
and performance recovery is observed with increasing pulse current. However, it is noteworthy 
that these measurements were taken at the favorable threshold potential of 0.56 V, for which the 
performance recovery is already very high, and the performance therefore remains high for all 
three current levels evaluated here. The highest overall performance recovery of 95.5% (under 
Scenario 2) is recorded with 9 A pulse current, which provides a useful reference point for this 
parameter. This performance enhancement is attributed to increased average cell potential and 
extended droptime between pulses due to more effective CO oxidation.  
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Table 3.5. Efficiency calculations for pulsed oxidation parametric variations without 
(Scenario 1) and with (Scenario 2) utilization of the electrical energy output 
of the fuel cell during pulsing. 



























0.45V 184.15 0.583 11.9 86.74 0.471 90.4 0.443 0.3 2.66 89.39 0.485 93.2 
0.5V 182.67 0.591 11.8 87.20 0.477 91.6 0.319 0.3 1.91 89.11 0.488 93.6 
0.53V 160.35 0.599 10.3 77.15 0.481 92.3 0.375 0.3 2.25 79.40 0.495 95.0 
0.56V 160.35 0.605 10.3 77.84 0.485 93.2 0.253 0.3 1.52 79.36 0.495 95.0 
 
6A 156.84 0.603 10.1 76.13 0.485 93.2 0.243 0.3 1.35 77.48 0.494 94.8 
7.5A 160.35 0.605 10.3 77.84 0.485 93.2 0.253 0.3 1.52 79.36 0.495 95.0 
9A 163.86 0.608 10.5 79.85 0.487 93.5 0.265 0.3 1.71 81.56 0.498 95.5 
 
These studies demonstrate the effectiveness of pulsed oxidation technique for CO 
mitigation. Similarly, further studies are carried out for extended duration pulsing to demonstrate 
the feasibility of this process. Complete and in-depth information about these results and outcomes 
is provided in Appendix B.  
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3.4. Determining the impact of long-term current pulsing on CO 
poisoned PEFCs 
This section deals with the long term implications of pulsed oxidation mitigation of CO 
poisoning in PEFCs. In addition, the effect of fuel cell operating temperature on pulsed oxidation 
mitigation is investigated. In the previous section, the technique of pulsed oxidation mitigation has 
been tested for CO poisoning in impure H2 fuel with in-depth discussion on its oxidation process 
and the parameters related to obtaining a higher recovery of performance. The general conclusion 
derived indicates a quick recovery of active surface sites on the anode catalyst from the oxidation 
of CO due to an intermittent increase of the anode potential. The long term tests are aimed at 
understanding the impact of operating temperature and purge conditions on the cell potential 
recovery, while also assessing the stability of the technique for practical implementation. The long 
term cycling involves 4000 cycles of pulsing at fixed pulsed oxidation parameters and fuel cell 
operating conditions for a PEFC operated with 80 ppm CO. The single cell G60 test station at 
Indian Oil Fuel Cell Lab is used to study long term operations in a 25 cm2 PEFC operated at 0.5 
A cm-2. The CO concentration of 80 ppm is a representative CO concentration measured in H2 
generated from Indian Oil HGUs. 
Fuel cell temperature plays an important role on the electrochemical reaction dynamics of 
PEFC operation on reformate H2. A high temperature generally favors reaction kinetics and 
reduces the impact of CO poisoning [80]. However, the impact of fuel cell temperature on the 
pulsed oxidation process has not been studied before. To address this, two sets of experiments are 
carried out to show the effect of cell temperatures of 60 and 70 °C on the pulsed oxidation 
performance under 80 ppm CO. The cell temperature is controlled by resistive heaters integrated 
in both anode and cathode endplates. The flow rates for anode and cathode are maintained at 0.5 
and 2.5 NLPM respectively. The same pulse parameters (7.5 A, 0.3 s and 0.56 V threshold) are 
used for each experiment. At the end of the experiment, N2 purging is carried out at 2.5 NLPM on 
both electrodes for 30 min to purge the cell electrodes of any residual impurities. Figure 3.20 shows 
the resultant effect of temperature for a total set of 500 pulses at two different cell temperatures of 






Figure 3.20. Cell potential and anode, cathode endplate temperatures for 500 pulse cycles 
with 80 ppm CO running at 0.5 A/cm2 at a) 60 °C and b) 70 °C. Pulse 
parameters: pulse current 7.5 A; pulse width 0.3 s; and threshold potential 
0.56 V. 
The anode endplate temperature measured in both experiments shows a deviation of about 
5 °C from the desired set endplate temperatures of 60 and 70 °C. The cathode, however, does not 
show any deviation from the desired set endplate temperatures. This may arise from the low 
reactant flow at the anode (0.5 NLPM) compared to the cathode (2.5 NLPM). The 500 pulse 
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sequence lasts for a total duration of 7.5 h and 2.5 h for the 60 and 70 °C datasets, respectively. 
This translates to a longer droptime between 55 and 60 s compared to 30 and 32 s for 60 and 70 
°C datasets, respectively. At 70 °C, the initial pulses do not lead to complete cleaning of catalyst 
surface and stabilization of the pulses for oxidation of adsorbed CO require more time. As a result 
of a low peak potential and average droptime, the total duration of 500 pulses in this case is 2.5 h. 
With pulsing at high cell temperature, the number of active sites freed after CO oxidation is less 
leading to a quick adsorption of the incoming CO resulting in a small droptime value. Figure 3.21 
shows the zoomed in data of Figure 3.20 between the 1.5 and 2 h duration. It shows the transient 
response of CO adsorption and oxidation as pulsing is carried out. Similarly, a higher average 
voltage of 0.62 V is measured for 60 °C as compared to 0.60 V for 70 °C dataset. At a low 
temperature, the number of active sites activated for adsorption and subsequent reaction is less 
leading to less number of CO getting adsorbed on the surface. When pulsing is carried out with 
the same set of parameters, the oxidation of adsorbed CO is effective leading to a high average 
voltage as well as droptime. These preliminary results show that long term pulsing may be carried 






Figure 3.21. Magnified view of the (a) 60 and (b) 70 °C datasets of Figure 3.20 between 1.5 
and 2 h duration.  
In the long term studies of the pulsed oxidation technique for CO mitigation, the cell is 
subjected to a total of 4000 pulse cycles in four batches of 1000 cycles. At the end of every 1000 
cycles, the cell was subjected to N2 purging to remove any residual impurities from its two 
electrodes and remeasure its performance to ascertain any degradation that the pulsing may have 
caused. Considering that catalyst layer degradation may occur due to gas switching during 
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shutdown (and start-up) [82,83], nitrogen purging was applied at the end of each series of pulses 
to alleviate such degradation. This simulates a practical start-up shutdown protocol. To purge the 
cell, nitrogen was supplied at 2.5 NLPM through both anode and cathode at no load conditions for 
30 min to flush out any reactive gases from the electrode surfaces. To restart the cell, the gases 
were changed to H2 and air at 0.5 and 2.5 NLPM and the load was gradually increased to 15 A to 
record the steady state cell potential at 0.4, 0.5, and 0.6 A/cm2. This was done to compare the cell 
performance at different current densities and gauge fuel cell health. Next, the cell was brought 
back to 0.5 A/cm2 and the subsequent set of 1000 cycles with 80 ppm CO was started. This routine 
was repeated until 4000 cycles to investigate the effect of long term pulsing of the cell. Figure 3.22 
shows the results of the four sets of 1000 cycles for a total of 4000 cycles.  
 
Figure 3.22. 4000 cycles of pulsed oxidation cycling with 80 ppm CO for a 25 cm2 PEFC 
operated at 0.5 A cm-2. a) 1st 1000 cycles; b) 2nd 1000 cycles; c) 3rd 1000 
cycles; and d) 4th 1000 cycles. 
The trends show an overall effective oxidation of CO with the pulse parameters. As the 
batch of 1000 cycles proceed, the overall pulse operation duration reduced. It is observed that with 
85 
each new set, the amount of time needed to complete 1000 cycles was reduced (Table 1). The third 
dataset (Figure 4c) was operable for a period of 12.5 hours which is less compared to the other 
datasets. This was partly due to an accidental increase in flow rate of the CO cylinder (to 0.6 
NLPM) due to which poisoning and subsequent pulsing rate were seen to increase. This error was 
rectified in the fourth dataset after purging which again increased the total experimental duration 
to around 14 hours. The cell is monitored for potential recovery and droptime changes once the N2 
is purged through the fuel cell. 
Table 3.6 shows the calculations of total pulse duration and average droptime for each set 
of 1000 cycles of pulsing. It includes the cell voltage measurements recorded after each set at three 
different current densities using pure H2 and air. The average droptime values reduced by up to 
20% from the initial to the final batch of 1000 cycles. This may be due to the presence of residual 
CO in the anode electrode which is not swept off completely by the N2 purge. The individual pulses 
in all datasets were able to maintain a high peak potential of approximately 0.64 V through 
oxidation of CO. It is discussed in the literature that slowdown of H2 oxidation occurs depending 
on the type of CO coverage on the Pt surface. CO bonding changes from double bonded to linear 
bonded as time elapses, leading to a more complete coverage of the catalyst [27,84]. This may be 
the reason for the reduced droptime values due to incomplete removal of linear bonded CO from 
the Pt surface. The pure H2 cell potential recorded at 0.5 A cm-2 at the beginning of the study is 
0.64 V. The subsequent measurement of cell potentials at various current densities after N2 purge 
show a minor deviation of 15 – 17 mV at 0.5 A cm-2. From these results, it can be concluded that 
the cell has not undergone any major degradation due to the effect of poisoning and its consistent 
pulsing.  
Table 3.6. Data extracted from the long term test of pulsed oxidation under 80 ppm CO, 










V @ 0.4 
A/cm2 
(V) 
V @ 0.5 
A/cm2 
(V) 





1000 56 60 62 0.653 0.628 0.615 17 hr 8 min 
1000 56 60 56 0.65 0.625 0.614 15 hr 27 min 
1000 56 59 46 0.649 0.623 0.610 12 hr 33 min 
1000 57 60 49 0.658 0.623 0.610 13 hr 36 min 
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The dataset in Figure 3.22 is further analyzed for droptime, average and peak potential 
values for every 30 min duration of the operation and plotted in Figure 3.23. One single pulse at 
the 30th and 60th min of each hour is analyzed for these values and plotted. The results show that, 
while there is a reduction in droptime from 70 to 55 s during the first set of 1000 cycles (Figure 
3.23a), the peak and average cell potentials remain largely constant at 0.64 and 0.62 V respectively. 
Figure 3.23b yielded similar results during the second set of 1000 cycles. However, owing to the 
increase in anode flow rate, Figure 3.23c showed a decrease in droptime to 40 s towards the end 
of the third set of 1000 cycles. However, once N2 purge is done and the flow rate is returned to its 
original level, Figure 5d showed an increasing trend of droptime measured between 45 to 55 s. In 
all 4000 cycles tested, the average and peak potentials always remained constant with a variation 
of 1.5% from their initial values. The linear fit on the average potential of all the sets confirms the 
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Figure 3.23. Peak potential, average potential and droptime measurements from the 4000 
cycle pulsed oxidation test with 80 ppm CO: a) 1st 1000 cycles; b) 2nd 1000 
cycles; c) 3rd 1000 cycles; and d) 4th 1000 cycles. 
Figure 3.24 shows a cumulative dataset of average and peak potential measurement carried 
out for the entire 4000 cycles excluding the nitrogen purge periods between the sets of cycles and 
the initial drop in potential when the 80 ppm CO fuel was introduced. The 60 h of cycling results 

































































was able to deliver a potential of 0.62 V even with pulsed oxidation cycling and 80 ppm CO fuel 
usage. Similarly, the peak potential consistently reached values close to the pure H2 potential 
which also gives a clear indication of the complete removal of CO from the active sites after pulse 
administration. However, the linear fit of the average potential data reveals a slight negative slope, 
indicating a minor decay of 0.6 mV in overall cell potential. The N2 purge in between 1000 cycle 
sets did not show any significant effect on cell performance.  
 
Figure 3.24. Cumulative assessment of the average and peak cell potentials during the 
4000 cycle pulsed oxidation test with 80 ppm CO.  
To further ascertain the overall fuel cell health, polarization data were recorded before and 
after the cell has undergone the long term test, with results shown in Figure 3.25. Pure H2 and air 
at constant flow rates of 0.5 and 2.5 NLPM respectively was used to create the polarization curves. 
No significant performance losses were detected after the cell had undergone a total of 4000 cycles 
of pulsed oxidation. This confirms that pulse cycling did not measurably degrade the catalyst layer 
or overall fuel cell performance. It only causes the oxidation of CO to CO2 to strip off the surface 
to facilitate H2 oxidation.  
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Figure 3.25. Pure H2 polarization curve measurement for beginning of test (BOT) and 






























3.5. Impact of operating current density and membrane thickness on 
pulsed oxidation effectiveness in PEFCs  
The experimental results regarding the parametric variation of the pulsed oxidation process 
as well as the long-term operations indicate the feasibility of this technique to maintain optimal 
performance with impure H2 fuel. These studies were operated at a fixed operating current density 
of 0.5 A cm-2 with the motive of obtaining a fixed and optimum average voltage during the pulsing 
process. In practical conditions, the fuel cell will have to be operated at varying current densities 
from the start-up state to stable operating conditions depending on power requirements. It is also 
observed that CO poisoning becomes more severe as the operating current density is increased due 
to higher HOR demand. As the surface is covered with CO, HOR is limited leading to a further 
drop in cell performance. In this section, the impact of current density on pulsed oxidation process 
is investigated on a pristine 25 cm2 PEFC with Pt-Ru anode catalyst with NRE 211 as the PEM. 
Furthermore, the impact of membrane thickness is studied with the same set of optimized 
parameters of the pulsed oxidation process. Here, on a 25 cm2 pristine PEFC, NRE 212 membrane 
(50.7 µm thickness) is used with Pt-Ru and Pt/C as the anode and cathode catalyst respectively.  
A new cell is assembled for these studies and conditioned at 70 °C. This cell is 
contaminated with 80 ppm CO at a range of operating current densities from 0.2 A cm-2 until 0.8 
A cm-2. At every current density, the initial pure H2 cell potential is noted after stabilisation with 
pure H2 and air as fuel and oxidant respectively. This gives the resultant polarization curve for the 
respective membranes NRE 211 and 212. Anode fuel is switched to 80 ppm CO for studying the 
effect of contamination as the current density is varied for a constant time period of 20 min. This 
gives the CO stabilized polarization data. The last step involves pulsed operation of 15 pulses with 
predetermined parameters to give an average potential measurement as the current density is 
varied. The pulse parameters are kept the same: pulse current of 7.5 A is administered for a pulse 
width of 0.3 s. As the initial potential is different at every current density, the threshold potential 
is kept at 15% drop from the pure H2 potential. The average potential is plotted against the 
operating current density to provide the recovery polarization curve for the respective membranes. 
With each stage of CO contamination (with or without pulsed operation) N2 gas is purged for 30 
min to remove any residual CO after which the next set of current density is tested.  
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Figure 3.26 shows the data for specific current density operation on CO contamination with 
variation of membrane thickness and anode fuel. For comparative purposes, both NRE 211 and 
NRE 212 datasets are shown to illustrate the effect of membrane thickness on pulsed oxidation 
operation and pure H2 polarization. Pure H2 polarization is observed to be identical for both the 
membranes. CO polarization studies with respect to current density reveal wide variations in terms 
of cell potential loss. It to be noted that at higher operating current densities (> 0.4 A cm-2), 
presence of CO in the anode leads to spontaneous oscillations due to continuous change in CO 
coverage arising from its adsorption and oxidation. Thus, to illustrate the polarization curve with 
CO, the cell potential is shown to decrease gradually with change of current density. On the other 
hand, at low current density of 0.1 A cm-2, the drop in potential due to CO never exceeded the 15% 
threshold value even after running for 2 h due to a lesser demand for HOR. Hence, pulse operation 
is not carried out for this dataset and the potential is kept the same as the pure H2 potential data. 
For the rest of the datasets, the average potential between the 14th and 15th pulse is calculated with 
the parameters defined for pulse operation. 
 
Figure 3.26. Polarization curves for pure H2 and impure H2 with 80 ppm CO and average 
cell potential data for pulsed oxidation for PEFCs assembled with NRE 211 
and NRE 212 membranes.  
The pulse operation is able to sustain average potential data for NRE 211 that are 
































thicker membrane (NRE 212), a lower recovery of cell potential is observed when pulsed oxidation 
process is carried out. Table 3.7 shows the average potential values and deviation from the pure 
H2 potential datasets for both the membranes. At 0.8 A cm-2, the average potential measured has a 
deviation of 10 mV and 50 mV for NRE 211 and 212 respectively. Other datasets similarly show 
a near complete recovery for both membranes. CO is observed to degrade the performance of the 
cell at a higher rate in presence of a thicker membrane possibly due to a lower oxygen crossover. 
This dataset however confirms the feasibility of pulse operation with satisfactory performance 
recovery in a thicker membrane without further variation of pulse parameters. Use of a higher 
pulse current is suggested to achieve better performance and mitigate the difference in average 
potential and pure H2 potential data for NRE 212.  
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pure H2 pot. (V)   
211 212 211 212 211 212 
0.2 0.65 0.73 0.74 0.71 0.69 0.01 0.05 
0.3 0.60 0.67 0.69 0.66 0.63 0.01 0.06 
0.4 0.53 0.63 0.65 0.62 0.59 0.00 0.06 
0.5 0.45 0.59 0.61 0.59 0.56 -0.01 0.05 
0.6 0.40 0.55 0.57 0.56 0.53 -0.01 0.04 
0.7 0.30 0.50 0.53 0.51 0.48 -0.01 0.04 
0.8 0.10 0.45 0.47 0.44 0.42 0.01 0.05 
 
This dataset is further used to understand the energy conversion efficiency variations with 
respect to current density and membrane thickness. The studies carried out in Appendix B with 
regards to energy efficiency are extended for all these studies. Only the Scenario 1 as described in 
Chapter 2.7 is investigated for discussion of energy efficiency. Table 3.8 shows the calculations 
of energy efficiency comparison as well as pulsed oxidation variations for all current densities. 
Variation of operating current density shows changes in the droptime as well as energy efficiency 
results for both membrane thicknesses. For NRE 211, the droptime measurements show a gradual 
decrease from 89 s to 36 s as the current density is increased. The droptime is consistently lower 
for NRE 212, with variation from 82 s to 30 s. This is an indication of a dip in performance 
recovery as the membrane thickness changes. The performance comparison for energy efficiency, 
𝑥1, shows a near full recovery (between 93 and 97%) for the NRE 211 membrane as compared to 
pure H2 efficiencies. The 𝑥1 data for NRE 212 are slightly lower (between 90 and 94%) due to the 
lower average cell potential data measured for this membrane. Although both membranes show > 
90% performance recovery with pulsed oxidation, the performance could benefit further from 
tuning of the pulsing parameters to cause complete conversion of CO into CO2. For instance, with 
changes in pulse width, the energy efficiency could be enhanced to suit the desired applications. 
Similarly, variations of threshold potentials could also improve the efficiency of the pulsed 
oxidation process.  
The next section deals with a zero dimensional transient model capable of incorporating 
the variations of CO concentration as well as the parameters of pulsed oxidation process. It will 
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aid in gauging the surface coverage of various species involved in the contamination and oxidation 
of the incoming CO fuel and could be used to guide the selection of pulsing parameters.  
Table 3.8. Energy conversion efficiency comparison as a function of current density for 
the PEFCs with NRE 211 and NRE 212 membranes coated with PtRu 
catalyst at the anode. 
C.D. 
Initial pure 
H2 pot.  










(A cm-2) (V)  (V) (s) (V) (J) (J)  (%) 
Membrane NRE 211 
0.2 0.74 0.622 0.64 89 0.7 534.0 311.5 0.583 93.8 
0.3 0.70 0.588 0.61 80 0.66 719.4 396.0 0.550 93.6 
0.4 0.66 0.555 0.57 75 0.64 898.7 480.0 0.534 96.3 
0.5 0.625 0.525 0.55 68 0.6 1018.6 510.0 0.501 95.3 
0.6 0.56 0.471 0.48 56 0.55 1007.6 462.0 0.459 97.4 
0.7 0.53 0.445 0.46 41 0.5 862.8 358.8 0.416 93.4 
0.8 0.47 0.395 0.4 36 0.45 866.6 324.0 0.374 94.7 
Membrane NRE 212 
0.2 0.74 0.622 0.63 82 0.67 492.4 274.7 0.558 89.7 
0.3 0.69 0.580 0.6 54 0.64 487.3 259.2 0.532 91.7 
0.4 0.635 0.534 0.56 49 0.60 589.3 296.0 0.502 94.1 
0.5 0.605 0.508 0.53 39 0.56 587.3 273.0 0.465 91.4 
0.6 0.56 0.471 0.48 36 0.52 650.6 280.8 0.432 91.7 
0.7 0.51 0.429 0.44 33 0.48 696.2 277.2 0.398 92.9 




3.6. Modeling CO contamination and pulsed oxidation in PEFCs 
This section deals with the modeling results of a zero dimensional transient fuel cell model 
to investigate the fundamental processes of CO poisoning and mitigation using pulsed oxidation. 
The model equations and development are detailed in Chapter 2. The results presented in this 
section depict the changes in surface coverages of all species involved in the CO contamination 
process and the associated dynamics of the anode and cell potentials as the parameters are varied.   
 Effect of CO concentration on model parameters 
This study examines the effect of fuel CO concentration on the time dependent variation 
of H, OH and CO surface coverages, the CO concentration in the anode chamber and potential 
changes in the fuel cell. To study this, the CO concentration in anode fuel is varied from 20 ppm 
to 80 ppm CO at a constant operating current density of 0.5 A cm-2 for a cell coated with PtRu 
electrocatalyst on the anode. Figure 3.27 shows the time dependent variation of θCO, θH, and θOH 
species on the anode Pt surface along with cell potential dynamics for different CO concentrations. 
θCO shows a quick increase of coverage within a span of about 250 s for 80 ppm CO, leading to 
oscillations (Figure 3.27a). Similar oscillations are observed for the other species coverages as 
consequently also in the potential data. θH drops to close to zero values at high CO concentration 
(60-80 ppm), while it becomes constant for other cases (Figure 3.27b). This presence of H2 at the 
anode surface aids to provide a steady state cell potential even in the presence of CO (60, 40 and 
20 ppm datasets). The main reason for obtaining cell potential oscillation with 80 ppm is due to 
the spike in OH formation (θOH, Figure 3.27c) due to a continuous increase in anode potential 
(Figure 3.27e). For 40 ppm dataset, the OH formation is constant in the range of 4 * 10-7 ions while 
it is about 1 * 10-4 for 80 ppm CO dataset resulting in oxidation. Oxidation of CO occurs as the 
anode potential reaches about 0.3 V values to convert the adsorbed CO to CO2. This process is 
repeated due to continuous flow of CO to again get adsorbed on the catalyst surface. The CO 
concentration in the anode chamber, XCO for 80 ppm CO shows a peak concentration of ~60 ppm 
after which it starts oscillating resulting from oxidation of CO (Figure 3.27d). The anode chamber 
concentration for the 60 ppm case is also somewhat reduced compared to the inlet value, indicating 
CO oxidation, as confirmed by the relatively high OH coverage at this CO concentration. The other 
datasets of 40 and 20 ppm show a rise in anode chamber CO concentration due to accumulation 
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during H2 oxidation in the absence of OH formation and oxidation of CO. The 20 ppm dataset is 
observed to stabilize at a cell potential of 0.67 V from an initial potential of 0.69 V (Figure 3.27f). 
This drop in cell performance increases at higher CO concentrations. For 40 ppm CO, this drop 
stabilizes at 0.60 V. 60 ppm CO poisoning shows a stable cell potential of 0.44 V, however, it does 
not show the oscillating behavior as observed in the case of 80 ppm CO. This may be due to lower 
surface coverage of CO, as compared to the 80 ppm case. The cell potential starts oscillating once 
a potential of 0.48 V is reached. The experimental results with 80 ppm CO show a similar drop in 
cell potential of 170 mV without any oscillating behavior (Figure 3.12). Similarly, for 20 ppm CO 
contamination, a CO potential drop of 110 mV for a 5 cm2 active area cell is observed (Figure 3.13 
a) as compared to 140 mV in the model. Overall, the surface coverages calculated by the model 
allows improved understanding of the fuel cell performance observed experimentally and enables 
further prediction of the extent of CO contamination when parameters in the fuel cell are varied. 
The next section deals with anode flow rate (stoichiometry) as well as operating current densities 






Figure 3.27. Variation of anode CO concentration (20, 40, 60 and 80 ppm) in a PEFC 
model operated at constant current density of 0.5 A cm-2 and 0.5 NLPM 
anode flow rate. Surface coverages are shown for θCO, θH, and θOH (a, b, c), 
CO concentration in anode chamber (XCO, d), anode and cell potentials (e, f). 
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 Effect of anode flow rate on model parameters 
This section examines the effect of anode flow rate on the time dependent variation of H, 
OH and CO coverage, CO concentration in the anode chamber and potential changes in the fuel 
cell. To study this, anode flow rate variations are tested in the PEFC model for a constant CO 
concentration of 80 ppm. At a constant current density of 0.5 A cm-2, the drop in cell performance 
is studied for anode flow rates of 0.13, 0.25 and 0.5 NLPM corresponding to fuel stoichiometry 
values of 1.5, 2.5 and 5.5 respectively. The initial rate of poisoning by these iterations show that 
the rate of CO poisoning on the catalyst surface is impacted by the flow rate (amount of CO flowing 
into the anode chamber) as shown by Bauman and Zhang [59, 65]  as compared to the rate of CO 
adsorption kinetics. A potential drop of 140 mV from an initial pure H2 potential of 0.69 V is 
reached after a duration of 700, 430 and 230 s for 1.5, 2.5 and 5.5 stoichiometry respectively. 
Figure 3.28 shows the results of this parametric variation in the model. Potential oscillations are 
observed for all surface coverage species for 0.25 and 0.5 NLPM datasets. The θCO and θH show a 
quick change from their initial values as CO gets oxidized on the catalyst surface. The CO 
concentration in the anode chamber is reduced to the 60 ppm range within 230 and 440 s for these 
two datasets, indicating CO oxidation. However, the 0.13 NLPM dataset shows minimal formation 
of OH ions (Figure 3.28c) on the surface sites causes as the anode potential is not high enough to 
cause oxidation of CO adsorbed. This keeps the anode chamber CO concentration constant at about 
60 ppm leading (Figure 3.28d) and maintain a steady cell potential at roughly 0.4 V The cell 
potential data (Figure 3.28f) show the beginning of oscillations after 235 and 445 s for the 0.5 and 





Figure 3.28. Variation of anode flow rate (0.13, 0.25, 0.5 NLPM) in a PEFC model 
operated at constant current density of 0.5 A cm-2 and 80 ppm CO. Surface 
coverages are shown for θCO, θH, and θOH (a, b, c), CO concentration in anode 
chamber (XCO, d), anode and cell potentials (e, f). 
 Effect of operating current density on model parameters 
This section examines the effect of operating current density on the time dependent 
variation of H. OH and CO coverage, CO concentration in the anode chamber and potential 
changes in the fuel cell. The current density is varied from 0.3 to 0.8 A cm-2 to inspect the changes 
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in surface coverages and other parameters. The anode flow rate is maintained at a constant bleed 
rate of 4.7 while the CO concentration is 80 ppm. The bleed rate (BR) for anode fuel is defined as 
the fraction of fuel supplied over and above that needed to support the operating current in the fuel 
cell. The parameters are plotted against time of contamination in Figure 3.29.  θCO rises close to 1 
within 140 s for the 0.8 A cm-2 dataset, leading to oscillations. Similar trends are observed for all 
other datasets except for that of 0.3 A cm-2 where oscillations are not observed due to slow increase 
in anode potential. The XCO trends are similar to those of the anode potential which show 
oscillations for all current densities except for 0.3 A cm-2. The time duration of contamination 
leading to oscillation depends on current density. These results also agree with the experimental 
results in the previous sections, where the contamination durations were similar to the model 
results with change of current density. The anode potential rises high enough with increases in 
current density in presence of CO to oxidize it leading to oscillations of cell potential. At low 
current density, the available active sites are able to maintain a steady HOR even in the presence 






Figure 3.29. Variation of operating current density (0.3 – 0.8 A cm-2) in a PEFC model 
operated at 0.5 NLPM anode flow rate and 80 ppm CO. Surface coverages 
are shown for θCO, θH, and θOH (a, b, c), CO concentration in anode chamber 
(XCO, d), anode and cell potentials (e, f). 
The experiments carried out in previous sections deal with high anode flow rate 
configuration, where only a small portion of the H2 fuel is gainfully converted in the cell. However, 
a dead ended operation or recirculation loop may result in accumulation of certain species in the 
anode chamber and ultimately increase their concentration. These studies gain importance with the 
presence of impurities in the fuel. As already discussed, ISO 14687-2 requires the CO 
103 
concentration in the H2 fuel to be below 0.2 ppmv while H2 should have at least 99.97% purity. 
These limits on impurity concentration can quickly be exceeded within the anode chamber if a 
recirculation loop is employed for reducing fuel loss from the system.  
Appendix C discusses the enrichment effects of various species such as N2, CO and O2 in 
the anode chamber with respect to bleed rate variations. One such dataset reports the accumulation 
duration of N2 and CO gas in the anode chamber with an initial concentration of 2 ppm. An 
equilibrium concentration is reached within 600 s for N2, while it takes almost 28 h for CO. This 
is because the catalyst surface is capable of adsorbing so much of the CO that it takes a long time 
for enough CO to flow into the cell when the concentration in the fuel stream is low. Figure 3.30 
shows the accumulation behavior of CO for fuel CO concentrations ranging from 5 – 80 ppm at a 
constant current density of 0.4 A cm-2 and a BR of 0.2. The accumulation is highest at 5 ppm and 
decreases as the CO concentration is increased to 80 ppm. This is because the anode potential is 
lowest for 5 ppm dataset which causes the CO to keep accumulating as that for 80 ppm dataset. 
The electro-oxidation of CO limits both the increase in anode potential and the level of CO that is 
accumulated in the anode chamber. The CO concentration remains almost constant above a certain 
anode potential even with change in CO concentration. This warrants the need for mitigation 
techniques such as pulsed oxidation to keep the CO concentration to a minimum in the anode 




Figure 3.30. Model results for CO accumulation in the recirculation loop and anode 
potential as a function of inlet CO concentration. Conditions: P = 1 atm; V = 
5 cm3; I = 0.4 A/cm2; BR = 0.2 (AP: Anode potential; AF: Accumulation 
factor). 
It has been demonstrated that the presence of CO in the anode fuel adversely affects the 
overall efficiency of the fuel cell operation. When CO is present in a recirculation loop as a 
function of BR, there will be a trade-off between the efficiency of fuel utilization which increases 
for small bleed rates and electrical efficiency which decreases as the anode becomes increasingly 
polarized because of higher CO levels. In general, an excess of fuel is fed into the cell to reduce 
impurity buildup and possibly prevent fuel starvation. This can be defined as the ratio of the fuel 
utilized electrochemically to the amount of fuel supplied. In terms of BR, 𝜂𝑓𝑢𝑒𝑙 is defined as: 
𝜂𝑓𝑢𝑒𝑙 =  
1
1+𝐵𝑅
          (52) 
The electrochemical efficiency, 𝜂 defined as per equation (44) is combined with 𝜂𝑓𝑢𝑒𝑙 to obtain 
the overall efficiency: 
𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =  𝜂 × 𝜂𝑓𝑢𝑒𝑙                               (53) 
The effect of bleed rate on overall efficiency is shown in Figure 3.31 for fuel containing 5 ppm 
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Figure 3.31. Effect of bleed rate on overall fuel cell efficiency. Conditions: XCO = 5 ppm; P 
= 1 atm; and V = 5 cm3. 
The results in this figure effectively show that, when the fuel contains a CO contaminant, 
there is an optimum bleed rate to maximize fuel cell efficiency. If the anode potential rises too 
high, the loss in electrical efficiency is greater than any gain in fuel efficiency. This is observed at 
low bleed rates, whereas at high bleed rates, the poor fuel utilization dominates the efficiency loss. 
It is observed that other contaminants such as N2 in the fuel can still be operated at very high fuel 
utilizations as reported in Appendix C.  
An optimum BR is required to maximize the overall efficiency of the fuel cell in presence of CO. 
A high BR ensures to limit the CO accumulation in the anode chamber though resulting in decrease 
in fuel efficiency and ultimately overall efficiency. As the current density varies, the optimum BR 
slightly shifts towards higher values (nearing 0.2) while affecting the overall efficiency of the fuel 
cell. At 0.8 A/cm2 the results show that the optimum BR is about 0.2 corresponding to about a 
20% loss in fuel efficiency. As the CO concentration in the fuel increases, BR will need to be even 
higher and efficiencies even lower. To achieve higher efficiency with fuels containing high (> 5 
or 10 ppm) CO levels, it appears that additional mitigation methods are needed. The next section 
deals with the modeling of pulsed oxidation as a function of BR to determine an optimum BR to 
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 Modeling pulsed oxidation 
The model is extended to investigate the pulsed oxidation mitigation technique and its 
effects on surface coverage and potential changes with time. The 𝑉𝑐𝑒𝑙𝑙 data is monitored to reach 
a certain threshold potential upon which a pulse of current is administered for oxidizing CO to 
CO2. The current modulation during the pulsed oxidation is carried out in the form of a square 
wave function with a set time duration between the operating current density (0.5 A cm-2) and the 
pulse current density (0.5 A cm-2 plus the pulse current) for a fixed pulse duration of 0.3 s. The 
variations studied in this section deal with:  
1. Pulsing current (6, 7.5 and 9 A) 
2. Threshold potential (0.50, 0.53 and 0.56 V) 
15 pulses are simulated for each parametric variation. As observed in the experimental 
section, the pulsed oxidation process tends to stabilize after a few pulses. Hence, separate results 
wherever appropriate are shown for the 1st and the 15th pulse for comparative purposes and 
discussed in the next section. 
The overall pulsed oxidation process is first modeled using a standard set of parameters, 
0.56 V threshold potential, 0.3 s pulse width and 7.5 A pulse current. These model results are 
compared with an experimental fuel cell of 25 cm2 active area coated with PtRu anode 
electrocatalyst operated at 0.5 A cm-2. Figure 3.32 shows the comparison between the model and 
experimental results for 80 ppm CO contamination. The experimental data show an initial 
contamination duration of 900 s to reach a threshold potential of 0.56 V from a pure H2 potential 
of 0.68 V. The model on the other hand requires 260 s to reach from 0.69 V (pure H2 potential) to 
0.56 V threshold potential when the fuel is switched to 80 ppm CO at time t = 0. This increase in 
contamination time in the experimental results can be attributed to the time required for CO to be 
transported and adsorbed on the catalyst sites. The CO fuel travels through the humidification 
chamber and gas pipeline system replacing the H2 fuel and finally reaches the anode surface. This 





Figure 3.32. 15 pulse operation with 80 ppm CO at 0.5 A cm-2 nominal current density 
with pulse parameters of 0.56 V threshold potential, 0.3 s pulse width and 7.5 
A pulse current. a) Experimental and b) modeling results. 
The CO is routinely oxidized with pulsing when it adsorbs on the active sites and the cell 
potential reaches the pre-determined threshold potential of 0.56 V. The droptime and average 
potential is measured for the 14th-15th pulse section and analyzed for overall fuel cell efficiency. 
These values are compared with experimental results and reported in Table 3.9. The calculations 


















































Table 3.9. Efficiency comparison for a PEFC model and experimental study operated at 














 (A cm-2) (V)  (V) (s) (V) (J) (J)  (%) 
Model 0.5 0.69 0.58 0.56 62 0.62 929.4 480.5 0.517 89.1 
Expt. 0.5 0.68 0.57 0.56 76 0.62 1137.0 589.0 0.519 91.0 
 
The model reports a droptime of 62 s as compared to 76 s for the experimental results. The 
model may be approximating a quicker coverage of CO on the anode catalyst. The average cell 
potential between the 14th -15th pulse is calculated as 0.62 V for both the cases. The results show 
an overall efficiency recovery of 89.1% for the model as compared to pure H2 efficiency. This is 
slightly lower than the experimental 𝑥1 of 91%. These results show a good approximation of the 
model behavior in comparison with the experimental results. The next section deals with variation 
of individual parameters of threshold potential and pulse current on the surface coverage as well 
as potential studies within the cell.  
Effect of threshold potential 
This section deals with the duration of contamination when 80 ppm CO in a 25 cm2 fuel 
cell is subjected to varying threshold potentials of 0.5, 0.53 and 0.56 V at a nominal current density 
of 0.5 A cm-2 and 70 °C operating temperature. The duration of the cell potential to reach these 
values from an initial pure H2 potential of 0.69 V is found to be 234, 233 and 231 s respectively. 
Figure 3.33 shows the modeled surface coverages and potential changes during the 15th pulse 
operation for variation in threshold potential with a fixed pulse width of 0.3 s, which is shown to 
be optimal experimentally (Chapter 3.3 and Appendix B). Change in surface coverage of θCO is 
highest for 0.5 V dataset and least for 0.56 V (Figure 3.33a). It drops to 0.89 which is sufficient to 
free up active sites to cause oxidation of H2. This change is also observed for θH, as it rises to 0.055 
from near 0 (0.5 V dataset) as compared to a change of 0.054 for 0.56 V dataset (Figure 3.33b). 
The θOH values during the pulse operation rise temporarily to 0.06 and drop to zero after the CO 
oxidation is complete (Figure 3.33c). The CO concentration in the anode chamber, XCO, builds to 
60 ppm when the anode is flown with 80 ppm in the fuel inlet. This value decreases as a pulse is 
administered and steadies at 40 ppm range. This change is slightly higher for 0.50 V dataset 
amongst all the variations (Figure 3.33d). The anode potential (Figure 3.33e) changes due to 
109 
pulsing shows a similar rise in potential up to 0.48 V to cause CO oxidation after which the anode 
potential reduces to 0.07 V indicating a recovery of cell potential and resumption of HOR activity 
on the anode catalyst. Figure 3.33f shows a recovered cell potential of 0.66 V with the oxidation 






Figure 3.33. 15th pulse analysis of variation of threshold potential (0.50, 0.53 and 0.56 V) 
with 0.3 s pulse width at an operating current density of 0.5 A cm-2 and 80 
ppm CO. Surface coverages are shown for θCO, θH, and θOH (a, b, c), CO 
concentration in anode chamber (XCO, d), anode and cell potentials (e, f). 
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Effect of pulse current 
The model is used to investigate the surface coverage and potential changes when the pulse 
current parameter is changed between 6, 7.5 and 9 A for a total of 15 pulses. The threshold potential 
of 0.56 V and pulse width of 0.3 s are kept constant for CO contamination of 80 ppm at 0.5 A cm-
2. Figure 3.34 shows the surface coverage variation (θCO and θOH) and cell potential dynamics for 
the 15th pulse. As the pulse current is increased, the time required to decrease the θCO (Figure 
3.34a) from 0.95 to 0.88 is least for 9 A pulse. The 6 A and 7.5 A pulses requires more time to 
cause this change while the drop in coverage is least for 6 A at 0.89 as compared to 0.885 for 7.5 
A. This is related to the slower drop in cell potential for the lower current (6 A). This effect is 
observed for the θOH dynamics as well (Figure 3.34b). The formation of OH on the surface is least 
for 6 A leading to a slow oxidation of adsorbed CO as compared to 7.5 and 9 A datasets. However, 
all the datasets are able to oxidize the CO and restore the cell potential to 0.66 V range after the 
pulse is completed. This is also evident in case of experimental results as depicted in Appendix B 
where 6 A current does not cause CO conversion as efficiently as the 9 A dataset. The 7.5 A dataset 
is chosen for extended duration pulsing as well as long term pulsing for investigation of droptime 
and peak potential values. The optimal pulse current for a specific CO concentration may be then 
determined with respect to its use with or without energy harvesting during pulsing, as suggested 






Figure 3.34. 15th pulse analysis on pulse current variation (6, 7.5 and 9 A) in a PEFC 
model operated on 80 ppm CO fuel at 0.5 A cm-2. Surface coverages are 
shown for θCO and θOH (a and b) along with the cell potential (c).  
Figure 3.33 and 3.34 show the variations of surface coverage and potential with respect to 
pulsing parameters. Variations in threshold potential and pulse current are both shown to oxidize 
CO and restore cell potential. However, it is observed that the pulsed oxidation process of CO 
stripping is complete within <0.1 s irrespective of changes in threshold potential and pulse current. 
Our experimental results show a minimum requirement of 0.3 s for efficient CO oxidation to occur. 
This deviation is attributed to the assumption in the model of having uniform conditions at the 
electrode which allows for more rapid adsorption and oxidation of CO at the surface. The process 
is likely to be slower and less complete in practical situations due to experimental and fabrication 
variability as well as local differences along the channel and between channel and land regions. 
Yet, the present results indicate the feasibility of using the model as a guide to compare pure H2 
efficiencies with performance recovery when parameters are changed. 
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Effect of bleed rate 
This section deals with performance comparison of the fuel cell as a function of bleed rate 
variations for a 25 cm2 cell operating at 0.5 A cm-2. Modeling runs are carried out for two different 
CO concentrations of 20 and 80 ppm CO with pulsing (PO) and without pulsing (CO) and 
compared for overall performance recovery for a total of 15 pulses. The bleed rate fuel efficiency 
as described in equation (50) is taken into account to evaluate the change in performance when 
pulsing is carried out. Analysis of 14th-15th pulse operation is compared with the CO only 
condition. Figure 3.35 shows the calculated performance comparison of CO operation with and 
without pulsing and anode chamber concentration, XCO with respect to the BR variations. The 
voltage efficiency is measured as the ratio of the potential obtained with and without pulsing to 
that of pure H2 potential.  




𝐼 × 𝑉𝑐𝑒𝑙𝑙 × 𝑡




      (54) 
In the case of pulsing, 𝑉𝑐𝑒𝑙𝑙 is measured as the average potential for the 14-15
th pulse 
operation for 20 and 80 ppm PO studies. 𝑉𝐻2 is 0.69 V at 0.5 A cm
-2 operated on pure H2 fuel. The 
performance is compared as a product of voltage and fuel efficiency. For reference, pure H2 data 









































Figure 3.35. Effect of bleed rate on (a) performance comparison and (b) CO 
concentration in the anode chamber, XCO (ppm), of a PEFC model operated 
























When pure H2 is used as a fuel, the performance is observed to drop from 99 % at 0.01 BR 
to up to 36 % at a BR of 1.75. The fuel efficiency as a function of BR plays a major role in this 
drop in performance. In the case of 20 ppm, the cell performance with pulsing (PO) is 20% higher 
than without pulsing (CO) up to a BR of 0.7. The XCO data also shows a slight decrease in 
concentration up to 0.7 BR and from this value the 20 ppm CO data follows a steep downward 
trend. CO builds up as a result of adsorption and stabilizes at ~55 ppm at low BR and the high 
anode potential developed as a result of this accumulation creates OH ions on the surface. The 
incoming CO and its subsequent oxidation with OH stabilize the XCO at about ~55ppm. Above a 
BR rate of 0.7, the 20 ppm results stabilize and do not fall below the 0.56 V threshold potential. 
Hence, pulsing is not initiated, and it can be assumed to follow the 20 ppm no pulsing trend. For 
80 ppm CO, 26.7% increase in overall performance is observed for a BR of 0.01 when pulsing is 
carried out. At a BR of 1, the overall performance is still 13% higher when pulsing is applied. With 
increase in BR, the efficiency values decrease due to loss of fuel. The XCO data stabilizes at about 
57 – 58 ppm range in the anode chamber due to the equilibrium obtained between the oxidation of 
adsorbed CO and the formation of OH ions at optimum anode potential ranges. These results 
demonstrate an optimum value of BR where an overall high performance can be achieved even 
while using an impure fuel with pulsed oxidation operation.  
The model has been able to provide a good approximation of the extent of CO 
contamination in the PEFC using a few simplifying assumptions. Along with the cell potential 
data, it allows the use of pulsed oxidation parameters to pulse current at pre-determined threshold 
potentials to predict its performance recovery. This reduces the need for iterative experiments with 
varying CO concentrations as well as pulse parameters and could aid further optimization of the 
technique. The cost implications for use of impure H2 fuel and H2 production technologies in terms 
of application are discussed in the next section.  
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3.7. Comparing mitigation techniques 
In this study, three strategies were adopted to investigate mitigation of CO poisoning. The 
first method involves the modification of anode electrocatalyst (PtRu) for CO tolerance. The other 
two techniques involve air-bleed and pulsed oxidation process which can largely be used on 
existing fuel cells. The comparison involves efficiency calculations to determine an effective 
mitigation technique which can be used with impure and cheap H2 fuel with moderate CO 
concentrations while not compromising on the overall efficiency of the process.  
The application of Pt-Ru as a CO tolerant electrocatalyst is evident when compared with 
Pt/C. As observed in Figure 3.12, presence of Ru aids in CO oxidation by facilitating the formation 
of OH ions at low anode overpotentials. This frees up more active sites for HOR leading to a high 
overall cell potential even in the presence of CO. However, the cell potential recovery is still low 
with moderate to high CO concentrations for long term operations. Presence of Ru alone may not 
be sufficient and hence requires additional techniques for CO mitigation.  
Mitigation of CO poisoning via air-bleed and pulsed oxidation involves minor 
modifications of the fuel cell system to facilitate entry of air into the anode or modulate the cell 
current. For air-bleed, similar efficiency calculations as described in Chapter 2.7 are done for 
continuous and intermittent durations for an anode Pt/C catalyst at operating current densities of 
0.5 and 0.6 A cm-2. 80 ppm CO is tested with 3% air bleed in continuous and intermittent manner 
for the 25 cm2 fuel cell. Table 3.10 shows the measurements of voltage efficiencies and 
performance recoveries with respect to pure H2 potential for these studies. Here, 𝜂1 and 𝜂2 denotes 
the voltage efficiencies of continuous and intermittent air bleed respectively. These values are 
finally compared to 𝜂 to determine the percentage energy efficiency of these two processes as 
𝑥1and 𝑥2. However, the addition of air into the fuel may impact the fuel efficiency with issues of 
fuel dilution due to conversion of H2 to water. In this case, a 3% air-bleed may lead to a maximum 
H2 fuel loss of up to 1.2%. For the present case,  the efficiency values at 0.5 A cm-2 reveal a high 
recovery of up to 98.3% with continuous air bleed of 3%. This number decreases to 96.8% as 
intermittent AB is used. When current density is increased to 0.6 A cm-2, the figures are slightly 
lower at 96.7 and 95.1% respectively. If efficiency loss due to BR of 4.7 (17.54 %) and fuel dilution 
(1.2 %) is considered, these efficiency figures drop by almost 19 % from the currently reported 
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figures. Performance loss due to fuel conversion and nitrogen accumulation at the anode are other 
factors which are ignored while calculating these efficiency figures. For the case of pulsed 
oxidation, the efficiency range at 0.5 and 0.6 A cm-2 for NRE 211 membrane is between 95 and 
97% (Chapter 3.5). This value falls to 91% for NRE 212 membrane. These values reveal the 
variation in efficiencies between the two techniques with varying process conditions. With 
intermittent air-bleed, as the amount of oxygen entry into the anode is halved (this case), the effect 
on long term degradation of the membranes may also be reduced. However, both these techniques 
demonstrate a better CO recovery compared to a CO tolerant electrocatalyst alone for moderate 
CO concentrations. 
Table 3.10. Energy efficiency comparison of a PEFC with Pt/C anode operating on 80 
ppm CO in H2 blended with 3% air bleed. 
C.D Pure H2 
pot. (V) 




AB (3%, 5s/5s) 
0.5 0.63 0.529 0.62 0.61 0.521 0.513 98.34 96.8 
0.6 0.61 0.513 0.59 0.58 0.496 0.487 96.7 95.1 
 
When Pt-Ru/C is used as the anode electrocatalyst along with air-bleed, the rate of recovery 
of the cell potential is observed to be much faster than for Pt/C catalyst. However, over time, the 
cell potential is observed to stabilize near the same values as that of Pt/C. This is already discussed 
in detail in Chapter 3.2.1. However, long term operations of CO poisoning with PtRu may also 
lead to electrochemical area loss due to increase of catalyst particle size or dissolution of catalyst 
into the electrolyte. Presence of air in the anode may cause oxidation of the carbon support leading 
to agglomeration of electrocatalyst. This is termed as reverse current phenomena [85]. Oxidation 
of fuel by the excess air in the anode may also lead to fuel starvation. Fuel starvation due to 
oxidation by excess air may also lead to ruthenium loss in long term operations [86].  
When long term studies are emphasized, durability issues may be prevalent while using 
pulsed oxidation and air-bleed techniques. Long term air-bleed studies of 300 h on a single cell 
PEFC operated at 65 ºC and 0.3 A cm-2 with 200 ppm CO were reported by Sung et al. [51]. The 
cell potential was kept constant at 0.6 V while the current density was monitored over time. The 
results indicated a slight degradation of 2% from an initial steady state of 0.3 A cm-2. It is observed 
that along with CO conversion, oxygen at the anode also led to formation of H2O2. Inaba et al. 
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reported the deteriorations of polymeric chains of the electrode and membrane due to H2O2 [87]. 
These situations become more prevalent when there is presence of oxygen on the anode side. 
Peroxide formation occurs due to this oxygen and fractional coverage of CO on the anode side. 
This peroxide may react with Fe2+ ions to form harmful radical species that can attack the ionomer. 
Fe2+ is mostly present as an impurity in commercial membranes. Long term degradation of the 
membrane is therefore possible due to oxygen crossover even with the presence of pure H2 [53]. 
For the case of pulsing, our studies were restricted to 60 h duration. Over this period, a steady 
average voltage and peak potential was achieved. However, a slight decrease in droptime results 
indicate some sort of residual degradation affected by CO poisoning and pulsing measures. 
Continuous cycling measures may result in cell reversal due to continuous rise in anode potential 
over time. This might lead to catalyst agglomeration in the long term resulting in performance loss. 
 Cost competitiveness  
In terms of cost of fuel cell operation, H2 fuel production and material costs involved with 
stack manufacturing gain dominance over others. Material costs involve the use of platinum or 
PGM catalysts in the electrodes and other specialized components which drive up the capital cost 
of fuel cell systems. Fuel cell systems also depend on the type of technology used which affect the 
pricing. According to the estimates, for combined heat and power fuel cell applications, SOFC has 
the lowest stack cost followed by PEFC and Direct Methanol Fuel Cell (DMFC) systems [88]. It 
also depends on the volume of production which further brings variations in the cost of these 
systems. For PEFCs, the cost for 80 kW systems decreases from 51.57 to 38.34 $/kW as production 
increases from 100 to 500,000 units per year. A similar analysis for medium duty vehicle 160 kW 
trucks estimate 80 $/kW with production volume of 100,000 by 2025 [89]. Further, operating cost 
also depends on whether the system is for automotive or stationary applications.  
In terms of the H2 fuel costs, process of production as well as sources of H2 gain importance 
over other factors. As discussed in Chapter 1, SMR processes worldwide produces the maximum 
available H2 compared to the process of electrolysis. This H2 is available at lower cost but contains 
some impurities. Indian Oil estimates their refinery H2 at 4.90 $/kg before purification measures 
as compared to 6.90 $/kg for high purity standards. This 41% difference in cost can be utilized in 
commercialization of PEFC technology through the application of mitigation techniques such as 
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pulsed oxidation. When a BR of 0.01 is used for practical fuel cell operation, the model predicts a 
recovery of 26.7% when pulsing is employed. This can enable to recover a substantial portion of 
the cost of fuel cell operation by running on impure H2 fuel along with pulsing. A recent report 
published by the Hydrogen Council reports a 16% contribution of fuel and infrastructure to the 
Total Cost of Ownership (TCO) for a light duty fuel cell electric vehicle (FCEV) by 2030 [90]. 
This number is 60% when medium and heavy duty trucks are considered. In case of buses, it is 
27% of the TCO. These numbers suggest a major influence of H2 fuel price on the commercial 
adoption of fuel cell technology in automotive applications. The Hydrogen Council has also 
estimated the H2 fuel price at the pump at 10 – 12 $/kg presently. With higher demand and increase 
in scale of operations, the price at the pump is expected to further decrease by 60% reaching 4 – 5 
$/kg at the pump by 2030. With the use of impure H2 and pulsed oxidation technique, the scale up 
of operations and cost parity with respect to other competing technologies could be achieved 




Chapter 4. Conclusions and future work 
4.1. Conclusions 
This thesis addresses the issues surrounding gas impurity contamination in reformate H2 as 
a fuel in low temperature polymer electrolyte fuel cells. A fundamental understanding of fuel cell 
stack level contamination is gained by operating the stack at mid-range current densities with 
controlled levels of the main gas impurities of CO, CO2 and CH4. Further investigation on 
contamination poisoning is gained through single cell testing with special emphasis on moderate 
to high CO concentrations. Various steps are undertaken to mitigate CO poisoning by 
modifications in the anode electrode design and other techniques such as air bleed and pulsed 
oxidation. A comparison of these techniques is presented in terms of energy conversion efficiency 
with respect to pure H2 operation. The contributions of this work are summarized below: 
• Preliminary investigation of gas impurity contamination is carried out in a PEFC stack 
with Pt supported on carbon catalyst. The contaminants, CO, CH4 and CO2 are primarily 
present along with the H2 generated from various HGUs of Indian Oil Corporation. 
Investigations conclude that CH4 and CO2 do not impact anode catalyst activity without 
any visible drop in stack performance. CO affects stack performance even with low 
concentrations in the H2 fuel. The rate of contamination increases with increase in CO 
concentration in the fuel from 5 to 20 ppm. However, by switching the fuel to pure H2, 
the residual CO can be swept off the catalyst surface to free up the active sites of Pt and 
resume H2 oxidation reaction. 
• The CO poisoning studies are continued in single cell PEFC operation to compare with 
the observed stack results under similar operating conditions. Substitution of Pt/C with 
PtRu/C on the anode show a significant improvement in CO tolerance irrespective of 
concentration differences of the impurity in the fuel. Similarly, introduction of small 
percentage of air (3%) into the anode along with PtRu/C on the anode electrode aid in 
recovery of overall efficiency by up to 98% in comparison to pure H2 efficiency. 
However, its application may lead to potential performance losses due to fuel dilution 
through conversion to water and N2 accumulation at low BR as well as loss in fuel 
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efficiency at high BR. Moreover, long term operations with air-bleed at low 
stoichiometry may lead to issues of catalyst agglomeration and membrane degradation 
resulting in drop in cell performance. Intermittent air-bleed can reduce fuel dilution by 
half while not compromising on the overall efficiency of the cell. 
• The second mitigation, pulsed oxidation, is studied for recovery of cell potentials in 
single cell PEFCs operated on 500 ppm CO contaminated H2 fuel. The main findings 
reveal the significance of pulsed oxidation parameters in dealing with CO oxidation and 
potential recovery. Variation of threshold potential parameter determines the extent of 
CO adsorption on catalyst sites and its ability to oxidize to CO2 by pulsing current. The 
other two parameters, pulse current and pulse width also play an important role in 
oxidation of CO by enabling the anode to reach favorable overpotential values. 
Droptime and average potential for these parametric variations show a high energy 
efficiency of up to 95% compared to pure H2 efficiencies despite the high CO 
concentration. Further studies on extended pulse operation with optimized parameters 
show no significant potential losses. 
• The long-term pulse operation in a PEFC coated with PtRu anode electrocatalyst show 
the applicability of this process in practical situations. H2 fuel with 80 ppm CO is tested 
for up to 4000 cycles of pulsing with optimized pulse parameters of threshold potential, 
pulse current and pulse width. Furthermore, the polarization results tested before and 
after the long term cycling with pure H2 and air show no significant losses due to the 
prolonged pulsed oxidation cycling. 
• Pulsed oxidation is further demonstrated for a variation of current densities with high 
average potential measurements. The pulse parameters of pulse width and current are 
kept constant. The threshold potential is kept at 85% of the initial pure H2 potential at 
the operating current density. The application demonstrates a high overall efficiency 
between 90 to 95% across varying operating conditions as well as changing material 
conditions. PO technique is equally effective even with change of fuel cell membrane 
from NRE 211 to NRE 212 with moderate CO concentrations and identical pulse 
parameters.   
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• The CO mitigations measures discussed may have consequences for fuel cell 
degradation and durability, which are important to consider for practical scenarios. 
While there are issues of loss of catalyst surface area through dissolution or 
agglomeration, use of a PtRu catalyst is favorable for a quick cell potential recovery in 
the presence of CO at low concentrations. Similarly, air-bleed is observed to effectively 
oxidize the CO to recover the loss in cell potential due to poisoning. Long term 
application of air in the anode may however lead to chemical degradation of membrane 
through peroxide formation and loss of fuel. Pulsed oxidation studies require external 
modifications with little or no cell potential loss observed over long term operations. 
• The zero-dimensional transient model developed for CO contamination and mitigation 
contributes fundamental understanding of the transient CO poisoning process on the 
anode catalyst surface under relevant fuel cell conditions. The preliminary investigation 
of CO poisoning with change of anode CO concentration and anode flow rate enable 
prediction of the cell potential losses over time. The model is further extended to study 
the surface coverage changes when pulsed oxidation is carried out to determine the 
extent of CO oxidation. Effect of threshold potential and pulse current variations show 
a similar trend as observed in the experimental results. This model is also tested for 
changes in BR variations to determine the overall performance comparison of the fuel 
cell when pulsing is employed as compared to no pulsing studies. 80 ppm CO with 
pulsing studies show a 26% increase in performance with a BR of 0.01 as compared to 
about 14% for a BR of 1. The model aids in identifying the optimum range of operation 
in terms of BR to capture the tradeoffs between fuel efficiency and voltage efficiency 
when CO is present in a fuel and mitigation techniques such as pulsed oxidation is 
applied.  
• The determination of optimum bleed rates and efficiency comparison with mitigation 
techniques aid in the application of cheap and impure H2 fuel in low temperature PEFCs. 
The difference in pricing of almost 40 % between impure and pure H2 fuel with 
comparable efficiency figures may pave the way for its early adoption in heavy duty 
applications such as fuel cell trucks.  
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4.2. Future work 
Due to the transient nature of CO poisoning only certain parameters of the mitigation 
technique could be tested. The reaction kinetics and interaction of anode electrocatalysts towards 
CO adsorption and oxidation in presence of an external pulse technique may aid in optimizing the 
parameters. Further investigation of mitigation parameters is recommended to aid in the 
commercialization of these techniques and remove the need for additional purification measures 
while operating in low temperature PEFCs. When discussing about pulsed oxidation studies, the 
variation of the pulse parameters need to be broadened to encompass extreme process conditions. 
This will help to minimize energy efficiency losses as observed in the present studies. The 
following recommendations are provided to make the process more robust and applicable in 
practical situations: 
• Anode electrocatalyst: The anode electrocatalyst is tested for a loading between 0.4 to 
0.45 mg cm-2. A study on the impact of low catalyst loading on normal H2 performance 
as well as CO oxidation capability may aid in understanding the cost implications of 
fuel cell operation with impure fuel. Stack operation for automotive and stationary 
applications envision a combined catalyst loading of 0.3 mg cm-2 by 2025. Other CO 
tolerant electrocatalysts like PtSn and PtMo may also be of interest in terms of CO 
oxidation capability. This low loading can be used along with other mitigation 
techniques to study the CO oxidation effect. 
•  Air-bleeding: Air bleed for CO poisoning has been investigated for short term as well 
as long term operations. However, the long-term degradation effects and mechanism of 
degradation which show low cell performance needs further investigation. It is 
recommended to test the exhaust gas analysis from the anode chamber to quantify 
amount of CO2 and other gases formed by oxidation to optimize bleed operations. This 
data can be corelated with the liquid water analysis of the cathode chamber. This 
analysis of fluoride ions in the water will aid in quantifying the degradation cause and 
extent of damage in the membranes due to long term bleed operation. Moreover, the 
investigation of water formation and accumulation of nitrogen gases at low to moderate 
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bleed rates will be an important parameter to determine its effectiveness in combating 
CO poisoning.  
• Pulsed oxidation: The pulsed oxidation studies has been dealt with for parametric 
variations as well as long term operations. These studies are recommended to be 
extended to stack level testing and assess the practicality of these measurements with 
respect to stack size. Specific methods of controlling pulse currents in large sized stack 
also need to be explored. Shorting using resistors over a group of cells or the entire stack 
can also be explored for CO oxidation. The energy generated during pulsing can be 
stored in various ways such as a supercapacitor or a battery to be used for powering 
other Balance of Plant components of the fuel cell system. Long term pulsing is 
recommended to be extended for 100 to 500 plus hours to bring it closer to practical fuel 
cell operating times. Degradation of catalyst area or other losses in the membrane during 
long term pulsing can be monitored through similar exhaust gas analysis or water sample 
analysis at regular intervals to assess the overall fuel cell health.  
• It is recommended to optimize the values of equilibrium constants which are dependent 
on process conditions in the model to better suit experimental conditions. Similarly, the 
inclusion of a parameter to distinguish linear and bridge bonding of CO with the anode 
catalyst shall lead to an understanding of changes in CO coverage over time. Life cycle 
analysis of the impact of impure H2 fuel accompanied with mitigation techniques such 
as pulsed oxidation and/or air bleed operation can be done to determine the cost 
effectiveness as well as feasibility of these techniques in practical situations. Similarly, 
the impact of air-side contamination on cathode electrode of PEFCs and its mitigation 
has significant relevance in countries where the air quality is deemed poor. These studies 
will strengthen the performance measures and its robustness to be operated in harsh 
environmental conditions. From an oil refinery’s perspective, these studies will 
determine the extent of purification measures required for removal of impurities from 
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Appendix A. Model validation  
The model equations adopted from Zhang’s thesis for the purpose of CO contamination 
and its mitigation with pulsed oxidation is tested for validation and comparison in this appendix. 
The five parameters in the model: (a) anode CO mole fraction; (b) surface coverage of CO; (c) 
surface coverage of H; (d) surface coverage of OH; and (e) anode overpotential are replicated and 
compared against the data available in Zhang’s thesis, Figure 4-12. The parameter values used for 
obtaining this data is kept same as used in Zhang’s data. The validated model results are shown in 































Figure A1. Model data of (a) anode CO mole fraction; (b) surface coverage of CO; (c) 
surface coverage of H; (d) surface coverage of OH; and (e) anode 































Model validation for simulated oscillation pattern with different values of the CO electrooxidation 
rate constant, kCO_OX of 1.2 and 1.8 * 10-3 and compared with Zhang’s thesis Figure 4-14. The 
model results are shown in Figure A2.  
(a) kCO_OX = 1.2 * 10-3 
 
(b) kCO_OX = 1.8 * 10-3 
 
Figure A2. Model data for simulated oscillation pattern with different values of the CO 
electrooxidation rate constant, kCO_OX of (a) 1.2 * 10-3 and (b) 1.8 * 10-3 
The above results confirm the use of these model equations for obtaining reproducible data. This 
model is then further used to obtain data with the application of pulsed oxidation mitigation as 
shown in the thesis and Appendix C (Figure 6 and Figure 7).  
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Appendix B. Strategic implementation of pulsed oxidation for 
mitigation of CO poisoning in polymer electrolyte fuel cells 
This Appendix is a reproduced manuscript version of the following journal article:  
 
P.J. Sarma, C.L. Gardner, S. Chugh, A. Sharma, E. Kjeang, Strategic implementation of pulsed 
oxidation for mitigation of CO poisoning in polymer electrolyte fuel cells, J. Power Sources, 468 
(2020) 228352 (https://doi.org/10.1016/j.jpowsour.2020.228352) 
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Strategic implementation of pulsed oxidation for mitigation of CO poisoning in polymer 
electrolyte fuel cells 
Paran Jyoti Sarmaa,b, Christopher L. Gardnera, Sachin Chughb, Alok Sharmab, Erik Kjeanga* 
aFuel Cell Research Lab (FCReL), School of Mechatronic Systems Engineering, Simon Fraser 
University, 250-13450 102 Avenue, Surrey, BC, V3T 0A3, Canada 
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Abstract 
Hydrogen generated by reforming various hydrocarbons contains impurities such as carbon 
monoxide (CO) and carbon dioxide (CO2) in varying concentrations. These impurities are known 
to poison the platinum and platinum alloy catalysts used in polymer electrolyte fuel cells (PEFCs) 
even at elevated temperatures. Amongst other approaches, pulsed oxidation for CO conversion has 
been proposed to enable usage of impure hydrogen fuel in PEFC applications. The present work 
evaluates the pulsed oxidation technique experimentally for practical implementation under high 
CO contamination levels. The implementation and effects of key operating parameters such as 
pulse width, current, and threshold potential for activation are systematically analyzed in terms of 
CO mitigation effectiveness. These parameters determine the extent of CO stripping and 
consequently the performance and energy conversion efficiency of the PEFC. Implementation of 
pulsing at set threshold potential rather than at fixed time intervals is shown to improve 
performance recovery up to 95% of the baseline performance under pure hydrogen. Technical 
means of utilizing the electrical energy generated during pulsing are discussed and measured, 
indicating a boost in the overall energy efficiency of the cell. Extended duration testing shows the 
feasibility of this technique to sustain CO poisoning in PEFCs at practical current densities.  
 
Keywords: fuel cell; carbon monoxide; poisoning; pulsed oxidation; mitigation; energy efficiency  




Hydrogen as an energy carrier has emerged as a promising alternative to conventional fossil fuels, 
potentially addressing both greenhouse gas and air pollutant emissions. In contrast to electricity, 
hydrogen can be stored in vast quantities over long periods of time. Hydrogen can be directly 
converted into electricity in polymer electrolyte fuel cells (PEFCs), using a zero-emission 
electrochemical process. However, the availability of pure hydrogen at a reasonable cost has 
limited the adoption of this technology to date. Due to the relatively high cost of water electrolysis, 
most hydrogen available industrially is currently produced by hydrocarbon refining, most notably 
by steam methane reforming (SMR) process, while a significant quantity of this byproduct 
hydrogen mostly remains unutilized [1,2]. 
Contamination in any form can be detrimental to the overall health of the fuel cells. Its sources can 
originate from the fabrication of fuel cell parts and assembly process to contaminants present in 
inlet gases. For instance, metal ions originating from carbonaceous fuel cell materials, bipolar 
plates, or other system components are known to strongly influence the rate of chemical membrane 
degradation and may cause ionomer conductivity loss as well as ultimate membrane failure [3–5]. 
In the case of fuels, hydrogen produced by reforming can be extracted and treated to be used as a 
fuel for stationary and automotive fuel cell applications. When used as is, it will lead to poisoning 
in PEFCs due to the presence of trace contaminants including carbon monoxide (CO), chlorides, 
sulphates, etc. Purification measures such as pressure swing adsorption process aid in obtaining 
high purity hydrogen [6]. ISO 14687-2 requires the CO concentration in the hydrogen fuel to be 
below 0.2 ppmv while hydrogen should have at least 99.97% purity [7]. For these reasons, the 
recent research is focused on mitigation of CO poisoning for low concentrations to address the 
current ISO standards for automobile applications [8–10]. However, it drives up the cost of 
hydrogen ultimately making this clean fuel an expensive resource to use. CO in reformate 
hydrogen, in particular, has been studied in extensive detail for its effects on PEFC performance 
and durability [11–13]. CO is adsorbed on the active sites of platinum catalyst leaving behind little 
or no active sites for adsorption and conversion of hydrogen. Poisoning is transient in nature, 
affecting the anode inlet first and moves towards the anode outlet. This phenomenon slows down 
the process of hydrogen electro-oxidation on the electrocatalyst, resulting in performance loss for 
the cell [14].   
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To mitigate the negative effects of CO on PEFC performance, several techniques have been 
proposed and investigated. Some of the common measures include employing a CO tolerant 
electrocatalyst [15–18] at the anode, elevating the PEFC operating temperature [19–21], and 
increasing the cathode back pressure [22]. Of the various proven electrocatalysts, platinum mixed 
with ruthenium has become a commonly used anode catalyst due to its superior CO tolerance and 
high rate of conversion. The binding strength of CO on Pt is stronger than that for H2 and the 
catalyst surface becomes largely blocked by CO, thus reducing the catalyst surface available for 
hydrogen oxidation [23]. Chen et al. [24] investigated the effect of Ru on the CO-Pt bond strength, 
which resulted in accelerated formation of CO2 [18,25,26]. In case of Ru, the binding strength of 
CO to the catalyst is weakened leading to a larger surface area availability for hydrogen oxidation. 
The reactions that lead to the electro-oxidation of CO to CO2 are shown in equations (1) and (2). 
Ru + H2O → (Ru-OH) + H+ + e-    (1) 
(Pt-CO) + (Ru-OH) → Pt + Ru + CO2 + H+ + e-  (2) 
The CO tolerance of Pt-Ru/C is hence superior to Pt/C because of OH facilitated conversion to 
CO2. Formation of OH is achieved at a lower anode potential in presence of Ru compared to pure 
Pt. Consequently, in the presence of Ru, the drop in cell potential is observed to be around 300 
mV less as compared to Pt/C when tested for a fixed CO concentration [27].  Various other CO 
tolerant catalysts including Pt-Mo/C, Pt-Ni/C, and Pt-W/C have also been extensively studied for 
CO oxidation and shown comparable performance to Pt-Ru [28,29]. However, they are either less 
stable or undergo dissolution and have therefore not been accepted widely.  
Increasing cathode back pressure is another technique for mitigating CO poisoning. This enhances 
the rate of oxygen crossover from cathode to anode in order to ease the process of CO oxidation. 
This process is commonly termed as internal air bleed. Similarly, blending hydrogen with a small 
percentage of air or oxygen on the anode side, commonly known as air bleeding, has been used 
for mitigation of CO contamination [23,30–32]. It accelerates the conversion of CO when O2 reacts 
with the adsorbed CO and H2 molecules to produce CO2 and H2O as shown in equations (3), (4), 
and (5). 
O2 + 2M → 2 (M-O)      (3) 
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M-O + M-CO → 2M + CO2     (4) 
M-O + 2 (M-H) → 3M + H2O     (5) 
However, the drawbacks associated with this technique include reduced hydrogen utilization, 
overheating of the anode if too much air is used, and byproduct formation of hydrogen peroxide 
that can lead to membrane degradation. Moreover, excessive air can be corrosive to the carbon 
support of the catalyst [32,33].  
Another technique, pulsed oxidation, has also been proposed for CO mitigation. With this 
technique, transient pulses of current are applied at regular intervals to elevate the anode potential 
sufficiently for electro-oxidation of CO to take place. Most pulsed oxidation studies reported to 
date were carried out on half cells [34] where only the behaviour of the anode was examined and/or 
at room temperature with varying CO concentrations (100 - 1000 ppm) [35–37]. In half cell 
measurements, Carrette et al. [34] was able to successfully recover 70% of the CO-free 
performance using a Pt-Ru anode catalyst on a 25 cm2 electrode supplied with 100, 1000, and 
10000 ppm CO containing H2. Current pulses of 16 A or higher were necessary to oxidize the CO 
and raise the half-cell potential to 0.06 V compared to the pure H2 potential of 0.04 V. Thomason 
et al. [38] applied current pulses up to 50 A on a 50 cm2 fuel cell running at 60°C and 0.4 A cm-2 
nominal current density with Pt-Ru as the anode catalyst. Performance recovery was observed 
when tested with 50 ppm while at 496 ppm CO spontaneous oscillations of cell voltage were 
observed leading to self oxidation of CO. In full fuel cell stack measurements, Choi et al. [39] 
tested a 300 W, 64 cm2 active area stack for performance recovery under 500 ppm CO at 60 - 65 
°C and 0.16 - 0.375 A cm-2 nominal current density. A 50% recovery in output power was achieved 
using a programmable electronic load to apply pulses of 30 A at a frequency of 0.25 Hz. Although 
these studies collectively showed the feasibility of pulsed oxidation on single cells and stacks, the 
methodology employed was not sufficiently developed or evaluated for practical applications. It 
is noteworthy that current pulsing lowers the cell voltage momentarily and increases fuel 
conversion. If the electrical energy produced during pulsing is not stored/utilized, it would result 
in a net loss in energy conversion efficiency. Hence, there is a trade-off between the purity of the 
hydrogen that is used and the energy that is recovered during the pulsing process.  
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In this work, a detailed experimental investigation is conducted to determine the influence of pulse 
parameters on the effectiveness of pulsed oxidation for CO mitigation. The application of this work 
relates to the use of reformate hydrogen containing 500 ppm CO for PEFC operation at a practical 
level of operating current density (0.5 A cm-2) and temperature (80 °C). As Pt-Ru/C is widely 
established for CO tolerance, it is investigated here as the primary anode catalyst. Furthermore, 
because CO tolerance increases with temperature, this work on mitigation focuses on a higher 
operating temperature which to our knowledge has not been investigated before. The influence of 
pulsed oxidation parameters including pulsing current magnitude, pulse width, and threshold 
potential is investigated. The technique is further modified and adapted in order to maintain a high 
operating cell voltage while minimizing the pulsing current magnitude and duration, with the goal 
to maximize energy conversion efficiency during fuel cell operation. The use of a fixed threshold 





2.1. Fuel cell materials and assembly 
A single cell was prepared with Nafion 211 polymer electrolyte membrane with varying active 
areas of 5 and 25 cm2. Platinum-ruthenium (40 wt%) on carbon support procured from the Fuel 
Cell Store was used as the anode electrode with a loading between 0.40 and 0.45 mg cm-2. The 
cathode electrode was coated with platinum on carbon support procured from Tanaka® with a 
loading of 0.45 mg cm-2. The catalyst ink was prepared as a suspension of carbon supported 
catalyst, Nafion ionomer solution (for uniform binding), deionized water, and a solvent 
(methanol/iso-propyl alcohol) for effective dispersion. A 30 g solution effectively contained 0.21 
g catalyst, 1.80 g Nafion iononer solution, 7.07 g deionized water, and 20.93 g solvent. Sonication 
of the solution was done for 30 min to keep the catalyst particles suspended in the solution. The 
solution was coated on the membrane using an automated ultrasonic spray coating system, Sono-
Tek® ExactaCoat, optimised for surface temperature (85 °C) and flow rate (0.37 ml min-1) for 
achieving the desired result of loading. Once the coating was completed, the obtained catalyst 
coated membrane (CCM) was assembled between two Sigracet® 29 BC gas diffusion layers 
(GDLs) with microporous layer and sealed with polytetrafluoroethylene (PTFE) sheet gaskets 
from DuPont, purchased from the Fuel Cell Store. This membrane electrode assembly (MEA) was 
then fitted in a fuel cell hardware for appropriate compression and flow of the fuel and oxidant 
through its graphitic flow field plates featuring serpentine and parallel channels on the anode and 
cathode, respectively.  
2.2. Test setup 
Fuel cell testing was performed using an integrated, automated test station from Greenlight 
Innovation®. All gases were humidified to 85% relative humidity at 70 ºC before entering the fuel 
cell. For the studies conducted, each new fuel cell was first conditioned for 24 hours to attain a 
stable cell potential with pure H2 and air at a fixed current density of 0.6 A cm-2. The conditioning 
procedure involved 200 cyclic voltammetry scans at 50 mV s-1 between 0.2 to 0.8 V, five air starve 
periods under nitrogen in galvanostatic operation at 0.5 A cm-2 until the voltage reached 0.2 V and 
potentiostatic operation until the current reached 0.2 A, and constant current operation at 0.6 A 
cm-2 under hydrogen/air for 6 hours. The air starves and constant current operation steps were 
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repeated two more times to complete the conditioning protocol. The conditioning procedure 
produced a cell potential of 0.60 - 0.65 V based on the prevalent parameters of the cell. For 
investigation of CO contamination, a 500 ppm CO mixed hydrogen gas cylinder was used. All 
experiments were conducted at fixed anode and cathode flow rates based on the cell area specified. 
2.3. Pulsed oxidation setup 
Two different experimental setups were used for the pulsed oxidation measurements. The first set 
of experiments was conducted at Simon Fraser University on a 5 cm2 cell at 80 ºC using the 
experimental setup shown in Figure 1. With this setup, the operational current density was 
controlled by a Greenlight Innovation G20 test station load while the pulse current was controlled 
by a Gamry Reference 3000 potentiostat used as external load. The use of a potentiostat allowed 
more precise control and a wider range of pulse parameters (especially pulse width) to be 
examined. The data acquisition rate with the test station hardware was limited to 10 samples per 
second. 
The second set of experiments was conducted at Indian Oil R&D on a 25 cm2 cell at 70 ºC; in this 
case, both the operational and the pulse currents were controlled by a Greenlight Innovation G60 
test station. A constant pulse width of 300 ms was fixed which the preliminary measurements had 
shown to be favorable.  
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Figure 1. Pulsed oxidation test setup involving the fuel cell, external load, and station 
load. 
The applied pulse raises the anode potential sufficiently high to form OH on the catalyst surface 
which oxidizes the adsorbed CO. During the pulse, the cell voltage is reduced until the current is 
brought back to the nominal current density at which point the cell voltage recovers to a value 
close to the pure hydrogen potential. A more detailed description of the pulsed oxidation process 
is provided in Section 3.1. 
Once a complete dataset for pulsing was measured at a given current density, the cell was subjected 
to a recovery protocol at open circuit potential to flush out any remaining CO in the anode 
compartment. For this, both electrodes were purged with humidified nitrogen at 3.0 normal liters 
per minute (NLPM) for 30 min. Once completed, pure H2 and air was again supplied, and the 
current density was ramped up to 0.5 A cm-2 in increments of 0.1 A cm-2. At each given current 
density, the cell potential was allowed to stabilize for 3 min. This recovery protocol required 
approximately 40 min to fully eliminate CO from the cell. Normal flushing with H2 and air would 
require 2-3 hours to completely strip CO.  
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While pulsed oxidation may be effective at rectifying fuel cell performance losses due to CO 
poisoning, it is also important to consider the practical viability and implications of applying a 
current perturbation during fuel cell operation. As mentioned earlier, the application of pulsed 
oxidation results in a temporary loss of voltage efficiency. In this work, this efficiency loss is 
addressed and minimized through precise control of the magnitude and duration of the pulses. 
Application of a current pulse in a full cell comprising of anode and cathode leads to an overall 
rise in the anode potential, which frees up the anode surface from CO poison with its oxidation to 
CO2, but also temporarily increases both the cathodic and ohmic polarization of the cell. Following 
removal of CO from the anode surface, hydrogen oxidation can then take place at a lower anode 
potential due to the greater availability of free surface sites. 
3. Results and Discussion 
3.1. Preliminary measurements and parameter definitions 
To understand the impact of CO on the transient poisoning of a PEFC, studies with pure and 
contaminated hydrogen are carried out at 0.4 A cm-2 and shown in Figure 2. A 5 cm2 active area 
fuel cell with Pt-Ru/C catalyst as anode electrode is run initially with pure H2 resulting in a cell 
potential of approximately 0.72 V. At time t = 0, the fuel supply is switched to 500 ppm CO mixed 
H2. Due to gradual CO adsorption on the active sites, a reduction of available sites for hydrogen 
oxidation raises the local current density and anode potential, which is observed as a drop in cell 
potential after about 200 s. The CO coverage increases gradually over most of the active surface 
area resulting in a state of equilibrium where the rates of CO adsorption and oxidation are equal. 
A stable potential of 0.475 V is reached within a period of 900 s. 
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Figure 2. Transient poisoning of a PEFC anode by 500 ppm CO contamination at a 
constant current density of 0.4 A cm-2. 
To investigate the impact of pulsed oxidation on the condition of the cell, the pulse parameters are 
explored at various operating conditions. The duration of an applied current pulse is termed as the 
pulse width (𝑡𝑝) while the magnitude of the pulse is termed as the pulse current. For a 5 cm
2 active 
area cell with Pt-Ru/C as the anode catalyst and Pt/C as cathode catalyst, a stable potential of 
~0.625 V is recorded at nominal current density of 0.5 A cm-2 when pure H2 is used as fuel. When 
CO is introduced to the anode side, the anode potential rises due to the CO coverage of the active 
sites which causes a drop in cell potential. The term ‘threshold potential’ during anode 
contamination is defined as the cell potential where the current pulse is applied. Application of the 
pulse raises the anode potential sufficiently to oxidize the adsorbed CO and restore the anode 
potential to a value that is near the value obtained with pure hydrogen. These parameters affect the 
response of the cell towards CO contamination and its subsequent oxidation processes. The 
threshold potentials are selected in order to cover the complete range of viable levels from near 
the stable CO-free potential to near the self-oxidizing potential of CO to occur. These potential 
levels are discussed by Thomason et al. [38] where CO is oxidized to CO2 by means of spontaneous 

























partial and near-complete CO oxidation within a given pulse. Different pulse current magnitudes 
are also tested to modulate the extent of cell potential drop during pulsing.  
Figure 3 shows a schematic of the pulsed oxidation technique depicting the various terms 
associated with this process. Two new terms are introduced to illustrate and quantify the effect of 
the various parameters investigated for this technique. Following every pulse applied for a set 
pulse width, 𝑡𝑝, it is seen that CO is stripped from the anode and the cell potential is restored back 
to a new potential near the original pure H2 value. This new potential is termed as the peak 
potential. A certain amount of time is needed for the CO to recontaminate the anode surface and 
for the cell potential to fall back to the threshold potential value. The duration of this 
recontamination process is termed as droptime, designated as 𝑡𝑑.   
 
Figure 3. Simplified illustration of the pulsed oxidation technique for CO electro-
oxidation. 
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Figure 4a details the pulsed oxidation process with a 500 ppm CO concentration fuel injected at t 
= 0 to a Pt-Ru anode catalyst fuel cell with an active area of 5 cm2. At a nominal current density 
of 0.5 A cm-2, a current pulse is triggered for a set pulse width after the cell potential decay from 
the stable pure H2 potential of 0.625 V to the selected threshold potential of 0.56 V. By fixing a 
threshold potential for co-ordinated pulse operation, the average potential of the cell is always 
maintained higher in presence of CO. The application of the anode threshold potential to activate 
pulsing has been tried in half cells [36] before but not in complete fuel cells. In contrast, most 
literature reports to date rely on a fixed time pulsing frequency, with little to no control over the 
cell potential at the time of pulse application. Hence, depending on the state of the cell and its CO 
coverage, fixed time frequency of pulses may allow more severe CO adsorption driving the cell 
potential to lower values which would ultimately reduce the energy conversion efficiency of the 
cell. In the present scenario, 15 pulses of 3 A current each having a pulse width of 0.3 s is seen to 
oxidize the CO and maintain a high average potential. With the application of threshold potential 
as a trigger for pulsing, the cell maintains a higher average potential except for a brief moment 
during pulsing. Figure 4a shows as CO poisoning progresses during the test, the pulsing frequency 
increases with time and is observed to finally stabilize between the 10th and 15th pulse. The peak 
potential and droptime values are plotted for every pulse as depicted in Figure 4b. Here, the peak 






Figure 4. a) Pulsed oxidation technique demonstration of a Pt-Ru anode catalyst fuel 
cell operated at 0.5 A cm-2 with a 3 A pulsing current, 0.3 s pulse width, and 
0.56 V threshold potential for 15 pulses. b) Peak potential and droptime 





























































However, the droptime becomes progressively shorter with each pulse, which is likely due to 
residual CO presence in the electrode even after pulsing is carried out. The peak potential and 
droptime values for the 14th-15th pulses of Figure 4 are 0.653 V and 12.4 s. These calculations 
indicate the significance of fixing the parameters of pulsing for obtaining an efficient CO oxidation 
that can adapt to changes in the rate of CO contamination and oxidation as observed in Figure 4. 
In the following sections, the corresponding values of peak potential and droptime are calculated 
for each experiment and reported for comparison. This data is further used for the estimation of 
energy efficiency as well as fuel usage when pulsing is carried out, while also aiding selection of 
suitable parameters for a particular case of CO contamination and mitigation. 
3.1.1. Effect of pulse width 
Pulse width studies reveal important characteristics of the system response to the current pulse and 
the amount of time required to affect CO conversion on the poisoned anode. In this section, a 
pristine 5 cm2 active area cell (Anode: Pt-Ru/C) operating at a nominal current density of 0.5 A 
cm-2 is tested at different pulse widths (0.20, 0.25, 0.30, and 0.35 s) for a pulsing current of 3 A 
and threshold potential of 0.56 V. Figure 5a shows the result of the first pulse in each case. All 
four pulse widths generate a successful result in terms of a rapid drop in cell potential followed by 
a strong potential recovery at the end of the pulse. It is observed that the first two pulse widths 
(0.20 and 0.25 s) generate a deeper and more transient cell potential drop compared to the other 
pulse widths (0.30 and 0.35 s), for which a semi-stable cell potential around 0.3 V is reached during 
the pulse. With every pulse, the rise of the cell potential to pure hydrogen potential ranges is a 
strong evidence of CO stripping from the active catalyst sites on anode. These results can be 
equated with the higher resolution data of Farrell et al. (their Figure 5) which shows complete CO 
stripping with drop of anode electrode potentials [36]. Once the pulse width is long enough for 
electrode cleaning to take place, extending the current pulse is of little benefit and the energy used 
to extend the pulse after the surface is cleaned may be wasted. 
Figure 5b shows the extended dataset of the measured peak potential and droptime of 15 pulses 
for the same conditions described above. The transient behavior of the 0.20 and 0.25 s datasets 
creates a lower peak potential once the adsorbed CO gets oxidized. The other two datasets, 0.30 
and 0.35 s are able to regain the cell potential to about 0.64 V, which could be attributed to more 
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complete CO stripping upon reaching the semi-stable state during pulsing. The 0.30 s pulse width 
consistently shows the highest peak potential of 0.645 V as well as the longest droptime of 10.8 s 
for the 14th pulse measurement. For the other pulse widths, the droptime is between 6 and 9 s, 
which is attributed to their lower cell potential recovery. A longer pulse width of 0.35 s did not 
achieve higher peak potential or droptime, indicating no improvement in CO oxidation. The 
highest peak potential indicates most complete CO stripping which generally results in a longer 
droptime. However, because of hydrogen consumption during the pulse, local CO concentration 





Figure 5. a) Dynamic cell response to the first pulse of 3 A administered at a threshold 
potential of 0.56 V with various pulse widths (0.20, 0.25, 0.30, and 0.35 s) for 
a fuel cell undergoing CO contamination at 0.5 A cm-2 b) Peak potential and 































































b) 0.2 s-V 0.25 s-V 0.3 s-V 0.35 s-V
0.2 s-T 0.25 s-T 0.35 s-T 0.3 s-T
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These results coupled with peak potential data show the importance of selecting a standard pulse 
width with respect to a set concentration of CO and other pulse parameters in order to maximize 
the performance recovery achieved with pulsed oxidation, while also minimizing the energy 
efficiency loss during the pulse periods. The following studies use a pulse width of 0.3 s while the 
other parameters involved in the technique are varied to determine their respective impact on 
effectively mitigating CO poisoning. Moreover, the active area is increased to 25 cm2 with similar 
catalyst loading at the anode and cathode to verify the feasibility of the technique on a larger cell. 
3.1.2.  Effect of threshold potential 
Threshold potential is varied to determine its effects on CO recovery and cell performance during 
the pulsing process. The pure hydrogen potential recorded for this 25 cm2 cell after conditioning 
at 0.5 A cm-2 is 0.62 V. Fuel with 500 ppm CO mixed hydrogen is used at a flow rate of 0.5 NLPM 
while the flow rate of the air is maintained at 2.5 NLPM. For these measurements, the pulse current 
and pulse width are kept constant at 7.5 A and 0.3 s. In Figure 6a, it is observed that with the 
introduction of CO, the cell undergoes steady deterioration of potential due to adsorption of CO 
on the active catalyst sites. Prior to administration of the first pulse, the cell potential drops from 
0.62 V to a range of 0.57 - 0.58 V within about 150 seconds of poisoning. From this state, the time 
required to reach the various threshold potential levels (0.45, 0.50, 0.53, and 0.56 V) is relatively 
brief and is well documented in the magnified view in Figure 6b. For each threshold potential, the 
cell is observed to reach a state of equilibrium after about 10 pulses due to continuous adsorption 
and oxidation of CO with pulsing. The delay in global equilibration could be attributed to local 
dynamic variations from inlet to outlet and under channels and lands of the cell. The parametric 
measurements are hence carried out after equilibration for the 14th and 15th pulses. In this case, 
droptime values are seen to decrease consistently from 11.9 to 10.3 s with increasing threshold 
potential.  The CO coverage is lower as the threshold potential is increased (0.45 – 0.56 V) and, 
thus, less time is needed for enough CO to flow back into the cell to re-poison the catalyst. The 
gradual increase in threshold potential also facilitates an increase in the peak potential 
measurements calculated as 0.619, 0.622, 0.625, and 0.626 V, respectively, provided that the lower 
CO coverage at high threshold potential is more readily oxidized by the applied pulse. The choice 
of threshold value also affects the time-averaged cell potential; here, the highest threshold value 
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of 0.56 V results in the highest average cell potential. This influences the energy efficiency of the 





Figure 6. a) Potential drop trend and pulsed oxidation response of 15 pulses at a 
threshold potential of 0.53 V for a 25 cm2 cell administered with 7.5 A pulses 
with 0.3 s pulse width. b) Magnified view of to the first seven pulse periods 
















































b) 0.45 V 0.50 V 0.53 V 0.56 V
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3.1.3. Effect of pulsing current 
The following pulsed oxidation experiments are carried out with a constant threshold potential of 
0.56 V and a pulse width of 0.3 s to establish the impact of pulse current variation for the nominal 
conditions of 500 ppm CO and 0.5 A cm-2. Results for three pulse currents (6.0, 7.5, and 9.0 A) 
are shown in Figure 7. All three current levels tested here are found to be satisfactory in terms of 
the ability to recover the cell potential from the CO poisoned state to near the pure-H2 level in a 
repeatable manner. An analysis of the 14th- 15th pulse behavior for this variation shows a steady 
increase in droptime with increasing pulse current from 10.1 to 10.3 and 10.5 s indicating improved 
CO stripping at the given threshold potential and pulse width. Similarly, the peak potential also 
shows an increasing trend with values of 0.625, 0.626, and 0.632 V.  
 
Figure 7. Potential drop trends at different pulse currents (6.0, 7.5, and 9.0 A) for a 25 
cm2 cell administered at a threshold potential of 0.56 V and 0.3 s pulse width. 
It is observed that with increasing pulse current, there is a small increase in droptime as well as 
average cell voltage leading to a longer pulse experiment of 323 s (9.0 A pulse current) compared 
to 299 s (6.0 A pulse current). However, a higher pulse current also implies proportionately higher 
rate of hydrogen conversion during each pulse, which may negatively affect the energy conversion 




























3.1.4. Efficiency calculations 
In this section we examine the influence of the threshold potential and pulse current parameters on 
the efficiency of the fuel cell (active area 25 cm2) when periodic pulsing is used. Fuel cell 
efficiency is defined [40] as the ratio of the electrical energy produced to the chemical energy 
(enthalpy) difference between the reactants and products:  
𝜂 =  
𝐸𝑜𝑢𝑡
𝐸𝑖𝑛
       (6)  
The electrical energy output can be written as 
𝐸𝑜𝑢𝑡 = 𝐼 ∗ 𝑉 ∗ 𝑡      (7) 
For simplicity, the assumption is made that the galvanic efficiency is unity. It is further assumed 
that water is produced in the vapor phase, such that the thermodynamic lower heating value can 
be used. At steady state, the overall fuel cell efficiency is therefore equal to its voltage efficiency, 
and the energy input can be written as  
𝐸𝑖𝑛 = 𝐼 ∗ 𝑉𝑇ℎ ∗ 𝑡       (8) 
and thus 
𝜂 =  
𝐼 ∗ 𝑉 ∗ 𝑡
𝐼 ∗ 𝑉𝑇ℎ ∗ 𝑡 
      (9) 
Here, 𝑉𝑇ℎ is the theoretical open circuit voltage and calculated to be 1.19 V at an operating 
temperature of 70 °C derived from Nernst equation [41]. In the present study, the pure hydrogen 
cell potential, V, at an operating current of 12.5 A is recorded at 0.62 V. Hence, the corresponding 
fuel cell efficiency, 𝜂, during this steady state operation will be 0.521. This value will be used for 
reference when the cell is pulsed in the presence of CO. All pulsing parameters tested above affect 
the electrical energy produced by the fuel cell due to their influence on the average cell voltage 
(𝑉𝑎𝑣𝑔) and droptime. Table 1 shows the voltage and energy calculations for all the parameters 
taking into consideration the utilization of energy during pulsing. The average voltage and 
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droptime are calculated between the 14th and 15th pulses. Two scenarios are considered for the 
utilization of energy with this technique. 
Scenario 1: In this scenario, the electrical energy generated by the fuel cell during the pulses is 
assumed to be wasted. For this situation, Adams et al. [35], for example, have proposed shorting 
the cell through an external load to carry out the pulsing. To calculate the overall efficiency for 
this scenario, the average voltage (𝑉𝑎𝑣𝑔
1 ) and droptime (𝑡𝑑) are calculated from the peak potential 
to the threshold potential of the next pulse. The energy output during this period is then: 
𝐸1𝑜𝑢𝑡 = 𝐼𝑛 ∗ 𝑉𝑎𝑣𝑔
1 ∗ 𝑡𝑑     (10) 
where, 𝐼𝑛 is the nominal current flowing through the cell (12.5 A). The energy input during the 
full pulsing period (covering both droptime and pulse events) is: 
𝐸𝑖𝑛𝑝 = 𝐼𝑛 ∗ 𝑉𝑇ℎ ∗ 𝑡𝑑 + (𝐼𝑛 + 𝐼𝑝) ∗ 𝑉𝑇ℎ ∗ 𝑡𝑝    (11) 
where 𝐼𝑝 is the pulse current employed for the pulse time (pulse width) 𝑡𝑝. Thus, the energy 
efficiency under this scenario becomes: 
𝜂1 =  
𝐸1𝑜𝑢𝑡
𝐸𝑖𝑛𝑝
       (12) 
When compared with the pure hydrogen energy efficiency 𝜂, the performance recovery measured 
is: 
𝑥1 =  
𝜂1
𝜂
        (13) 
Efficiency calculations for this scenario are given in Scenario 1 of Table 1. 
Scenario 2: In this scenario, the electrical energy output of the fuel cell during the pulse events is 
assumed to be gainfully utilized, which is possible for hybridized systems equipped with a 
supercapacitor and/or a battery pack in conjunction with the fuel cell stack, thus improving system 
efficiency. The energy captured during pulsing is calculated for a fixed pulse width of 0.3 s for a 
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total current of nominal current 𝐼𝑛 plus pulse current 𝐼𝑝. The average voltage (𝑉𝑎𝑣𝑔
2 ) is calculated 
for the duration of the pulse only. The energy captured is thus calculated as:  
𝐸2𝑜𝑢𝑡 = (𝐼𝑛 + 𝐼𝑝) ∗ 𝑉𝑎𝑣𝑔
2 ∗ 𝑡𝑝     (14) 
This energy is then added to 𝐸1 to give the total energy captured for the complete cycle (droptime 
and pulse) representing Scenario 2. In this case, the energy efficiency is defined as: 





     (15) 
When compared with the pure hydrogen energy efficiency, 𝜂, the performance recovery measured 
is: 
𝑥2 =  
𝜂1+2
𝜂
        (16) 
Efficiency calculations for this scenario are given in Scenario 2 of Table 1. 
When running without any mitigation technique, it is seen that a 500 ppm CO impure hydrogen 
fuel can reduce the performance from 0.625 to 0.40 V within 150-200 s at a constant operating 
current density. This represents a meagre 64% performance recovery compared with pure 
hydrogen, 𝜂. In contrast, the pulsed oxidation technique assessed under Scenario 1 and 2 (Table 1) 
reaches performance recovery (𝑥1and 𝑥2) levels between 90 and 95%. These findings imply the 
importance of incorporating a mitigation technique, in addition to Pt-Ru anode catalyst, to 
overcome the CO poisoning process and provide a favorable average cell potential with highly 
contaminated fuel.   
For the case of threshold potential variation, the recorded data show that high threshold potentials 
generally provide favorable energy efficiency and performance recovery compared to low 
threshold potentials. Under Scenario 1, the highest performance recovery of 93.2% is achieved 
with the highest threshold potential, 0.56 V, while the highest performance recovery under 
Scenario 2 (95.0%) is reached with both 0.53 and 0.56 V. This is attributed to the higher average 
cell potential during the droptime period, which dominates the energy conversion given its 
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considerably longer duration (~10 s) than the pulse period (0.3 s). On the other hand, the lowest 
threshold potential (0.45 V) records a relatively low performance recovery of 90.4% under 
Scenario 1 improved to 93.2% under Scenario 2. Overall, the energy harvested during the pulse 
period in Scenario 2 contributes roughly 2-3% performance recovery. These results coupled with 
droptime and peak potentials provides a strong reason to use a higher threshold potential for 
effective CO oxidation, preferably in combination with energy harvesting during pulsing. Using a 
fixed threshold potential to administer pulses is also advantageous, as it can be leveraged to 
enhance operational efficiency.  
The effect of pulse current on energy conversion efficiency and performance recovery is less 
significant than that of threshold potential. A marginal improvement (<1%) of both efficiency and 
performance recovery is observed with increasing pulse current. However, it is noteworthy that 
these measurements were taken at the favorable threshold potential of 0.56 V, for which the 
performance recovery is already very high, and the performance therefore remains high for all 
three current levels evaluated here. The highest overall performance recovery of 95.5% (under 
Scenario 2) is recorded with 9 A pulse current, which provides a useful reference point for this 
parameter. This performance enhancement is attributed to increased average cell potential and 
extended droptime between pulses due to more effective CO oxidation.   
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Table 1. Efficiency calculations for pulsed oxidation parametric variations without 
(Scenario 1) and with (Scenario 2) utilization of the electrical energy output 
of the fuel cell during pulsing. 



























0.45V 184.15 0.583 11.9 86.74 0.471 90.4 0.443 0.3 2.66 89.39 0.485 93.2 
0.5V 182.67 0.591 11.8 87.20 0.477 91.6 0.319 0.3 1.91 89.11 0.488 93.6 
0.53V 160.35 0.599 10.3 77.15 0.481 92.3 0.375 0.3 2.25 79.40 0.495 95.0 
0.56V 160.35 0.605 10.3 77.84 0.485 93.2 0.253 0.3 1.52 79.36 0.495 95.0 
 
6A 156.84 0.603 10.1 76.13 0.485 93.2 0.243 0.3 1.35 77.48 0.494 94.8 
7.5A 160.35 0.605 10.3 77.84 0.485 93.2 0.253 0.3 1.52 79.36 0.495 95.0 
9A 163.86 0.608 10.5 79.85 0.487 93.5 0.265 0.3 1.71 81.56 0.498 95.5 
 
3.2. Extended duration testing 
The following experiment is conducted to study the pulsing technique for an extended duration of 
time. A test is conducted on a pristine 5 cm2 cell with 500 ppm CO containing hydrogen fuel at 
0.5 A cm-2 nominal current density. Here, the station load maintains the operating current density 
as well as the pulsing current requirements of 3 A. Figure 8 shows the cell potential profiles for 
100 pulse cycles carried out with the following parameters: 0.3 s pulse width and 0.56 V threshold 
potential. The initial pure hydrogen potential for this cell is recorded at 0.68 V. During pulsing, 
the peak potential reached after each of the 100 pulses is found to be between 0.677 and 0.675 V 
with a standard deviation of 0.0027 V.  
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Figure 8. Extended duration pulsed oxidation experiment at a nominal operating 
current density of 0.5 A cm-2 with 3 A, 0.3 s current pulses applied at a 
threshold potential of 0.56 V. 
The cell undergoes a minimal loss of peak potential value of 2 mV calculated between the 1st and 
100th pulse. The average cell potential and droptime calculated from the peak potential after the 
99th pulse to the threshold potential of the 100th pulse is measured to be 0.63 V and 11.05 s, 
respectively. This is consistent with the results of the threshold potential effect tested for a 25 cm2 
cell showing a droptime of 10.3 s, considering the different active areas (5 and 25 cm2). The 
average cell potential is compared with the pure hydrogen potential of 0.68 V and unmitigated CO 
stabilized potential (without pulsing) of 0.40 V; the deviations measure 50 and 230 mV 
respectively. These values show good mitigation effectiveness, reproducibility, and reliability of 
the technique for extended operation. The mitigative effect of pulsing is sustained across the test 
period of 23 min 20 s for 100 pulse cycles. Hence, this study determines the feasibility of extended 
duration studies on a 5 cm2 cell which can be furthered scaled up to large area cells. The long-term 
durability of the cell performance with respect to the pulsing action is however subject to further 



























In this work, the pulsed oxidation technique was demonstrated and evaluated for mitigation of CO 
poisoning on single cell fuel cells subjected to high CO concentration at elevated operating 
temperature. When paired with Pt-Ru/C anode catalyst and aptly tuned, it was established that this 
technique can yield high energy efficiency with inexpensive CO-containing hydrogen fuel without 
the need of additional purification measures.  
The specific effects of pulse width, pulse current, and threshold potential on the CO mitigation 
effectiveness of the pulsed oxidation technique were systematically evaluated. A short pulse width 
of 0.3 s and moderate pulse current of 3 A were deemed adequate in order to reach a peak potential 
near the CO-free cell potential, indicative of complete CO stripping. This outcome also led to 
longer droptime, i.e., delayed re-adsorption of CO. On the contrary, longer pulses or higher pulse 
currents may cause excessive hydrogen consumption and increased local CO concentration, 
leading to more rapid re-adsorption of CO. The use of a high threshold potential for pulse delivery 
was favorable in order to achieve a high time-averaged cell potential. Fuel cell performance 
recovery up to 95% was achieved when the pulse parameters and threshold potential were tuned 
for a given operating condition by targeting high peak potential and long droptime. The application 
of this technique at set threshold potential rather than specific time intervals can thus be leveraged 
to improve operational performance of the cell in terms of both average cell potential and energy 
efficiency due to more effective CO oxidation. Extended duration studies reaffirm the significance 
of this technique by consistently delivering high peak potential with each pulse and sustaining a 
high average cell potential with minimal deviation from start to end of the pulsing cycle. Further 
development of the technique would benefit from transient modeling investigations to inform and 
optimize its operation and long-term durability studies to determine any degradation issues with 
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Appendix C. Accumulation of CO and other fuel impurities in 
the anode recirculation loop of a fuel cell 
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Abstract 
The use of impure hydrogen in polymer electrolyte fuel cells could potentially improve the 
economics of their implementation.  Here, a zero-dimensional transient model is formulated to 
simulate the operational effects of fuel impurities such as CH4 and CO within an anode 
recirculation loop with a continuous small bleed.  Inert impurities are observed to accumulate until 
a steady state concentration is reached where entry and exit rates are balanced, for instance 
resulting in a 20-fold increase in concentration with a 5% bleed rate.  With CO, electro-oxidation 
of adsorbed CO also contributes to CO removal in addition to that lost by bleed.  The overall 
energy conversion efficiency is found to be limited to ~60% of the pure hydrogen value without 
further mitigation for CO impurity levels of 10–80 ppm. If pulsed oxidation is used as a mitigation 
method, the efficiency can be improved to ~90% of the pure hydrogen value. When air bleed is 
used as a mitigation method, accumulation of nitrogen limits the efficiency to about 80% of pure 
hydrogen. While oxygen cross-over from the cathode can prevent CO accumulation when the fuel 
contains low levels of CO (~1 ppm), it has minimal effect at higher CO concentrations (>10 ppm).  





Polymer electrolyte fuel cells (PEFCs) generate electricity through the electrochemical reaction 
between hydrogen supplied at the anode and oxygen or air supplied at the cathode of an 
electrochemical cell employing a solid polymer electrolyte. During PEFC operation, hydrogen and 
oxygen are supplied in excess quantities to prevent fuel and oxidant starvation. Fuel starvation at 
the anode could lead to irrecoverable degradation of fuel cell catalyst, also known as carbon 
corrosion, due to oxidation of carbon support when fuel is not available at reaction sites under high 
electrode potential [1,2]. However, operating PEFCs at high fuel stoichiometry also leads to fuel 
loss, reducing the overall energy efficiency of the system. 
To optimize fuel usage, a PEFC can be operated in dead-ended anode (DEA) configuration with 
either a small bleed or periodic purge to limit the accumulation of fuel impurities such as N2, CO 
and methane as well as N2 that diffuses across the membrane from the cathode air to the anode.   
To remove water from the gas channels in the gas distribution plate, it has been found [3] that a 
sufficiently high fuel flow velocity must be maintained.  In general, the requirement for high fuel 
velocity cannot be maintained in a PEFC operating in DEA mode with small bleed because most 
of the hydrogen is consumed along the channel and the fuel flow velocity is low at the end of the 
flow field.  In this situation water accumulates resulting in fuel starvation over a portion of the 
anode which, as mentioned above, can lead to corrosion of the carbon used to support the catalyst 
[1,2]. 
To overcome this problem of water accumulation, recirculation of the anode fuel stream is a 
commonly used technique to reduce excessive fuel losses. The use of this technique allows high 
fuel utilization to be achieved – in some cases as high as 99%.  These high fuel utilization rates, 
however, cause significant enrichment of any impurities (such as CH4, CO and CO2) in the fuel 
stream as well as impurities (such as N2) that can diffuse across the membrane from the cathode.  
While accumulation of inert impurities will eventually lead to reduced cell performance due to 
fuel dilution, the accumulation of catalyst poisons such as CO can cause significant reduction in 
performance at much lower concentrations [4].  In both cases, the problems caused by 
accumulation of impurities in the anode chamber can be mitigated by removing some of the fluid 
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in the anode chamber either by continuous bleed or occasional purge at the expense of a reduction 
in overall fuel efficiency. 
Nitrogen accumulation through crossover from cathode and from the fuel source both in dead 
ended [5-8] and recirculated systems [9,10] have been studied by several authors.  Ahluwalia and 
Wang [9] developed a steady state model to estimate the amount of nitrogen build-up in PEFC 
stacks employing fuel recirculation system and its effect on the cell voltage. The maximum 
permissible limit of N2 in the fuel was identified based on acceptable compromise in stack 
efficiency.  A steady state analytical model for fuel cell recirculation systems including N2 
crossover from cathode was developed by Promislow et al. [10]. The model estimated the 
characteristic times for anode N2 profiles to reach steady state and showed that the dilution effect 
of nitrogen in a pure recirculation system was quite severe.  
CO is one of the main impurities for PEFCs due to its presence in the hydrogen fuel generated 
from fossil fuels via steam methane reforming (SMR) [11].  Hydrogen extracted from waste 
sources typically also contain CO.  In oil refineries, for instance, a large quantity of essentially 
pure hydrogen is generated as a by-product during various refining processes, which could 
potentially be used as a low-cost source of hydrogen for fuel cells.  However, these fuels typically 
contain CO in the 20–80 ppm concentration range, which considerably exceeds the 0.2 ppm level 
of the present ISO standard for automotive fuel cell application. Even ppm level CO concentration 
in the fuel has been found to significantly impact cell performance [12,13].  Hence, accurate 
determination of performance loss due to CO contamination for low CO concentrations (0.1-10 
ppm levels) at different operating conditions viz temperature, humidity and pressure in a practical 
PEFC system incorporating recirculation system is necessary for formulating fuel quality standards 
for automotive applications. The cost of fuel increases with the additional stages incorporated to 
purify the fuel as well as the cost of quality assurance [11,14].  At Indian Oil, refineries produce a 
large amount of impure hydrogen.  The cost estimate for this hydrogen is about $4.90/kg while 
that of high purity hydrogen (< 5 ppm CO) is about $6.90/kg – a 41% increase.  Other studies have 
suggested refinery hydrogen cost in the range of $ 1-4 [15] and automotive fuel cell grade hydrogen 
cost of about $7 [16].  The purity of the Indian Oil hydrogen is ~ 99.97% with the main impurities 
being methane (150 – 350 ppm), carbon monoxide (20 – 80 ppm) and CO2 (10 – 15 ppm).  Previous 
work [17] has shown that CH4 and CO2 are essentially inert and have little effect on fuel cell 
performance. CO, on the other hand, adsorbs strongly on the catalyst surface and seriously 
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degrades the fuel cell performance.  Operational strategies to use CO-containing hydrogen in 
PEFCs are therefore desirable. 
When using impure hydrogen fuel, CO essentially competes with hydrogen for active sites on the 
platinum catalyst.  CO tends to adsorb more strongly and thus block the sites for the necessary 
adsorption and electro-oxidation of hydrogen, causing a loss of cell performance.  Adsorbed CO 
can however be stripped electrochemically at low cell potentials or chemically in the presence of 
oxygen.  Perez et al. [18] studied the effect of fuel utilization on the poisoning dynamics of CO for 
PEFCs. The CO outlet concentration was measured using gas chromatography at different fuel 
utilization ratios and they showed that CO accumulation is expected to occur in the anode loop of 
PEFCs with fuel recirculation.  Koski et al. [19] showed the enrichment of inert gases and 
impurities in the anode recirculation system but found no enrichment for CO for PtRu catalyst at 
low CO inlet concentration (0.3 ppm) and high fuel utilization (95-99%) presumably because there 
was enough crossover of oxygen from the cathode to the anode.  Matsuda et al. [20] studied the 
effect of hydrogen recirculation on the voltage drop induced by adding 0.2 ppm CO to the fuel 
stream.  They observed that the voltage drop in the recirculated system with a 1% bleed was only 
one tenth of that observed in a one-way pass system using a fuel stoichiometry of 2 and concluded 
that this difference was due to accumulation of oxygen in the recirculation loop.  It should be noted 
however that the rate of introduction of CO into the one-way pass system will be about a factor of 
two higher than the recirculated system.  Ahluwalia and Wang [9] developed a steady state model 
to determine the build-up of CO and CO2 impurities in the anode recirculation system and to 
optimize the purge level to maximize the stack efficiency. 
To date, the existing models [9,10] that have been developed to examine the accumulation of 
impurities in a PEFC with recirculation of the anode fuel stream have been steady state models.  
In addition, the main interest in both the modeling and experimental studies has been at the low 
CO levels called for in the present automotive ISO standard (0.2 ppm). In contrast, the present 
work focuses on moderate CO concentrations of relevance for waste hydrogen sources, including 
the 20 – 80 ppm range reported for refineries. The primary objective of this work is to determine 
the impact of such fuels on performance in an anode recirculated fuel cell system. The specific 
aims of this work are as follows: 
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a) To develop a transient model capable of examining the dynamics of fuel impurity 
accumulation in a PEFC with anode gas recirculation;  
b) To examine the accumulation process for fuels containing moderate CO concentrations and 
obtain an estimate of the system efficiencies; 
c) To examine if further improvements can be obtained by implementing either periodic 
pulsed oxidation or air bleeding to mitigate the effects of CO build up in a recirculated 
system, and; 
d) To examine the impact of crossover of oxygen originating from the cathode on the 
accumulation of CO in a recirculated anode system. 
Accordingly, a zero dimensional transient model is developed to study the impact of accumulation 
of CH4 and CO on the cell performance and optimize the bleed rate in order to maximize the energy 
conversion efficiency at different operating conditions. 
 
2. Model Development 
 
2.1  Introduction 
Zero dimensional models have been used effectively by a number of researchers to model the 
transient poisoning effects of CO in PEFCs.  This includes studies of transient poisoning [21], 
spontaneous oscillation [22-24], pulsed oxidation [25], electrochemical preferential oxidation 
(ECPrOx) [26] and spatial distribution of current in segmented cells [27,28]. In this section, we 
extend previous zero dimensional models to include the simplified anode fuel recirculation system 
illustrated in Figure 1.  The aim is to develop a model that will predict the time dependence for the 
concentration of the various species inside the anode chamber, the surface coverage of adsorbed 
species and the anode potential.  In developing the model, the following assumptions are made: 
a) All reactants and inert species inside the anode recirculation loop are assumed to be well 
mixed. 
b) Diffusion inside the gas diffusion layer (GDL) and catalyst layer is neglected. 
c) Temperatures and pressures across the recirculation plumbing are assumed to be constant. 
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d) The system is assumed to be at steady state with pure hydrogen flowing before time t = 0. 
The impure hydrogen stream is assumed to be introduced at time t = 0.  The dynamics of 
the accumulation of impurities in the anode chamber is then followed at times > 0. 
e) All impurity species are assumed to be present in the fuel. Species of interest include CO, 
CH4, CO2 and N2.  The effect of diffusion of O2 from the cathode is discussed in section 
3.5. 
 
Figure 1. Schematic of the anode fuel recirculation system. 
 
In this system, gas in the anode chamber is leaked out at a constant bleed rate, 𝜈0.  Because of the 
requirement to maintain a constant pressure in the system, impure hydrogen flows out of the 
hydrogen tank at a rate, 𝜈1, that is determined by the bleed rate and the rate of removal of hydrogen 
at the anode due to electro-oxidation of the hydrogen during operation of the fuel cell.  Primarily 
for the purposes of water removal, some of the gas in the anode chamber is recirculated at a rate, 
𝜈2, via the recirculation loop and mixed with the hydrogen feed to give a total flow rate into the 
cell of 𝜈3. 
2.2  Mass Balance in the Anode Chamber 




=  𝜈3𝑐𝑖,𝑖𝑛 −  𝜈2𝑐𝑖,𝑎𝑛 − 𝜈0𝑐𝑖,𝑎𝑛 − 𝑁𝑖𝐴         (1) 
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where 𝑉𝐴 is the total volume of the anode chamber and recirculation loop, 𝑐𝑖,0 is the concentration 
of species i flowing from the hydrogen tank, 𝑐𝑖,𝑖𝑛 is the concentration of species i at the anode inlet 
after the gas flowing from the cylinder and the recirculated gas from the anode compartment are 
mixed, 𝑐𝑖,𝑎𝑛 is the concentration of species i in the anode chamber, 𝑁𝑖 is the flux of species i onto 
the anode as a result of adsorption and A is the geometric area of the electrode.  If we note however 
that due to species conservation at the inlet juncture: 
𝜈3𝑐𝑖,𝑖𝑛 =   𝜈1𝑐𝑖,0 + 𝜈2𝑐𝑖,𝑎𝑛                              (2) 




=  𝜈1𝑐1,0 − 𝜈 0𝑐𝑖,𝑎𝑛 − 𝑁𝑖𝐴        (3) 
This shows that, when the assumption is made that there is perfect mixing in the anode chamber, 
the results for accumulation of impurities in a PEFC with recirculation and a small bleed are the 
same as those for a PEFC with a DEA and the same bleed provided the anode volumes are the 
same.  This indicates that recirculation (and the rate of recirculation) will not influence the steady 
state concentration of impurities that accumulate in the anode chamber.  In general, however, the 
recirculation loop will contribute significantly to the anode volume which, as will be discussed 
later, affects the accumulation dynamics.  It should be remembered, as mentioned earlier in the 
introduction, that one of the main purposes of using recirculation is to maintain a high enough flow 
rate in the anode gas distribution channels to ensure water removal and prevent fuel starvation. 















𝑟𝑖,𝑎𝑑     (4) 
In this equation, 𝑥𝑖,𝑎𝑛 is the mole fraction of species i in the anode chamber, 𝑥𝑖,0 is the mole fraction 
of species i in the anode feed and 𝑟𝑖,𝑎𝑑 is the rate of adsorption of species i on the surface of the 
electrode. The other symbols and parameters used are listed in Table 1. For an inert species, such 












𝑥𝑖,𝑎𝑛        (5) 
where 𝜈1 is net rate of inflow and is given by: 
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𝜈1 =  𝜈0 + 
𝐴𝑅𝑇0
2𝐹𝑃0
𝑟𝐻2,𝑎𝑑𝑠        (6) 
The second term in equation (6) gives the volumetric flow of hydrogen required to sustain the 
current flowing in the cell [22]. 
It is known, however, that CO is strongly adsorbed onto the catalyst surface and thus the last term 















𝑟𝐶𝑂,𝑎𝑑     (7) 
 
2.3   CO Surface Chemistry 
Previous work [29-31] has described the process of CO poisoning of Pt or Pt alloy catalysts in fuel 
cells. As equations (8-10) show, CO competes with hydrogen for the Pt active sites at regular 
hydrogen oxidation potentials. 
𝐻2 + 2𝑆 ↔ 2 𝐻 − 𝑆                                𝑘𝐻2,𝑎𝑑 
→ , 𝐾𝐻                                (8) 
2 𝐻 − 𝑆 ↔ 2 𝑆 + 2 𝐻+ + 2𝑒−              𝑘𝐻,𝑜𝑥
→                   (9) 
𝐶𝑂 + 𝑆 ↔ 𝑆 − 𝐶𝑂                                  𝑘𝐶𝑂,𝑎𝑑
,→ , 𝐾𝐶𝑂     (10) 
where S represents a catalytic site on the electrode. Even low CO levels may largely block the 
catalyst surface due to its high affinity for CO. This has the effect of reducing the available surface 
for hydrogen, thus raising the rate of reaction at remaining sites. Consequently, the electrode 
becomes severely polarized, resulting in a poor fuel cell performance and efficiency. The rise in 
the anode overpotential is however restricted by OH formation at the active Pt sites, which occurs 
at approximately 400 mV vs. RHE. The CO then reacts electrochemically with adsorbed OH 
species to form CO2, as described in equations (11) and (12). 
 𝐻2𝑂 + 𝑆 ↔ 𝑆 − 𝑂𝐻 +  𝐻
+ +  𝑒−                       𝑘𝑂𝐻
→ , 𝑘𝑂𝐻
←                                  (11) 
𝑆 − 𝑂𝐻 + 𝑆 − 𝐶𝑂 → 𝐶𝑂2 + 𝐻
+ + 𝑒−                 𝑘𝐶𝑂,𝑜𝑥
→     (12) 
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2.4    Modeling CO Poisoning of the Anode 
To model CO poisoning of the anode, the method used by Zhang et al. [22, 24] is adopted. In brief, 
we adopt the equations developed by Zhang [22] for the time dependent surface coverages 
(𝜃𝐶𝑂, 𝜃𝐻 𝑎𝑛𝑑 𝜃𝑂𝐻) and anode overpotential (𝜂𝐴). The mass balance equations (5) and (7) 
developed above are used for the time dependence of the concentration of inerts and CO in the 
anode loop. Following Zhang et al. [22, 24], the following equations are used to define the time 












=  𝑟𝑂𝐻 −  𝑟𝐶𝑂        (15) 
The time dependent capacitive current is the difference between the total current flowing through 
the cell and the Faradaic currents needed to support the electrochemical reaction. Noting that the 
capacitive current is the product of the double layer capacitance, 𝐶𝑑𝑙, and the time dependence of 
the anode potential enables the following charge balance equation for the time dependence of the 




= 𝐴(𝐼 −  𝑟𝐻 − 𝑟𝑂𝐻 −  𝑟𝐶𝑂)       (16) 
In addition to these six equations (5, 7 and 13-16), the variables must also satisfy the following 
site balance constraint: 
𝜃0 = 1 −  𝜃𝐶𝑂 − 𝜃𝑂𝐻 −  𝜃𝐻        (17) 
This results in a transient model comprising of six ordinary differential equations which is solved 
using Scilab©. For the simulations considered in this work, the impure hydrogen supplied to the 
anode is assumed to contain variable concentrations of CO and methane, while other impurities 
are neglected. The parameters used in the six equations are given in Table 1, whereas the reaction 
rates (ri) are adopted from [22].  The rates of hydrogen oxidation (reaction (9)), CO oxidation 
(reaction (12)) and water dissociative adsorption (reaction (11)) are all electrochemical and hence 
dependent on anode potential as shown in the rate expressions given by Zhang [22].   
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3 Results and Discussion 
 
3.1  Accumulation of Inert Species in the Anode Recirculation Loop 
In this section, we examine the accumulation of a methane impurity, that is assumed to be present 
in the fuel stream, in the anode chamber. In this case a steady state concentration of the inert 
species is achieved when the amount of methane entering the anode chamber is balanced by the 
amount being removed in the bleed stream. That is when: 
𝜈1𝑥𝐶𝐻4,0 =  𝜈0𝑥𝐶𝐻4,𝑎𝑛         (18) 
We define the fractional bleed rate, BR, as the extra fraction of the fuel over and above that needed 
to support the cell current. For example, if 5 cm3/s is needed to support the current then, at a bleed 
rate of 0.1, 5.5 cm3/s of fuel is flowing into the cell and 0.5 cm3/s is flowing out at the anode exit.  
We can then rewrite (18) as: 
(1 + 𝐵𝑅)𝑥𝐶𝐻4,𝑂 =  𝐵𝑅 ∗ 𝑥𝐶𝐻4,𝑎𝑛       (19) 
and the steady state concentration of methane in the anode chamber becomes: 
𝑥𝐶𝐻4,𝑎𝑛 =  
1+𝐵𝑅
𝐵𝑅
𝑥𝐶𝐻4,0        (20) 
The accumulation of methane in the anode chamber is illustrated in Figure 2 for various bleed rates 
for a fuel stream containing 2 ppm methane.  In this and subsequent figures, the enrichment factor 
for species i is defined as the ratio of the concentration of species i in the anode chamber to that in 
the inlet fuel. 
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Figure 2. Accumulation of methane in the anode chamber as a function of bleed rate 
(at I = 0.4 A/cm2) and current density (at BR = 0.025).  Conditions:  VA = 5 
cm3; XCH4 = 2 ppm; and P = 2 atm. 
While the steady state concentration in the anode chamber is determined by the bleed rate, the 
dynamics of the accumulation process is affected by the rate of flow of impurities into the anode 
chamber as well as physical properties including the current density, the total volume of the 
recirculation loop and the operating pressure.  The effect of current density on the accumulation 
process is also illustrated in Figure 2.  Increasing anode volume or pressure has a similar effect.  
In each case it is found that all of these factors have a major impact on the dynamics of the 
accumulation but not on the final, steady state enrichment of the species in the anode chamber.  
Since the connection of a recirculation loop to the anode chamber is expected to greatly increase 
the total anode chamber volume, the influence of volume is particularly noteworthy.  Results show 
that, with a volume of 50 cm3, it will take more than 14 hours for steady state concentrations to be 
reached.  It should be noted that species concentration does not affect the accumulation dynamics 
of inert species.  Furthermore, as shown by equation (5), the mathematics that defines the 
accumulation of inert species is identical for all inerts. Hence, the present findings reported for 
methane are also valid for other inerts such as nitrogen and CO2. 
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The accumulation of methane (and other inert gases such as nitrogen) in the anode recirculation 
system dilutes the hydrogen gas and reduces the partial pressure of hydrogen. As predicted by the 
Nernst equation this increases the anode potential and lowers the cell voltage:  









]                                   (21) 
The dilution may also increase mass transport and kinetic overpotentials at the anode.  As 
illustrated in Figure 2, the buildup of methane can be managed by controlling the bleed rate of the 
outlet gas.  Ahluwalia et al. [9] modeled and analyzed the nitrogen concentration in the 
recirculating anode gas and its impact on the performance of an automotive 90 kWe PEFC stack. 
Their results showed that nitrogen accumulation (from crossover) was mainly a function of the 
bleed rate and that the drop in cell voltage was less that 5 mV for a bleed rate of 0.02.  As will be 
discussed in section 3.2, when the fuel stream contains nominal CO (1 ppm and above), the 
poisoning effects demand bleed rates considerably higher than this.  For this reason, with fuel 
containing CO at the ppm level, the accumulation of inerts such as methane or nitrogen (as well 
as other inert gases such as the CO2 that is produced by the electro-oxidation of CO) in the anode 
chamber can be ignored.  
Time dependent experimental measurements of the enrichment of inert species in a recirculation 
system containing 1.6 ppm CH4 as a function of bleed rate have been reported by Koski et al. [19]. 
In these measurements, the system was stabilized at a bleed rate of 0.156 and then systematically 
reduced in three steps. Koski’s published data are shown together with results from the present 
model in Figure 3.  The experimental enrichment ratios are somewhat higher than the modeled 
results for the two lower bleed rates.  In their paper, Koski et al. [19] point out that “the intrinsic 
error of the mass flow controller causes the realized stoichiometry to differ from the setpoint. For 
instance, at 176.6mL min–1 operation point (BR = 0.014) the instrument error in our system was 
±2.2mL min–1. This means that the actual fuel utilization lay in the range of 97.5–99.9%.”   In 
Figure 3, upper and lower limits for the calculated enrichments have been included in order to 
represent the experimental uncertainty in the bleed rates.  Taking into account this uncertainty, 
there is generally good agreement between the modeled and experimental results.   
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Figure 3. Comparison of experimental and calculated enrichment of CH4 in the anode 
recirculation loop [19].  Conditions: XCH4 = 1.6 ppm; P = 1 atm; V = 202 cm3; 
and I = 1 A/cm2. 
 
3.2 Accumulation of CO in the Anode Recirculation Loop 
 
In this section we examine the effect of the CO surface chemistry (outlined in section 2.3) on the 
accumulation of CO in the anode chamber. As mentioned in the introduction, our main interest is 
in the use of impure hydrogen fuel streams containing levels of CO (20 – 80 ppm) that exceed the 
present automotive ISO standard.  For this reason, we assume that a Pt/Ru anode catalyst will be 
used.  The parameters we have used in our model are given in Table 1.  The following are some 
of the differences between the accumulation of CO and that of an inert species such as methane: 
a)  Accumulation Dynamics 
 
The adsorption of CO onto the catalyst surface has a major impact on the dynamics of the 































CH4, an equilibrium concentration is reached in the anode chamber in about 600 s, whereas with 
2 ppm CO it takes about 28 hours for equilibrium to be reached.  This is because the catalyst 
surface is capable of adsorbing so much of the CO that it takes a long time for enough CO to flow 
into the cell when the concentration in the fuel stream is low (in this example 2 ppm). 
As the CO concentration is increased, the anode potential increases and, at some point, it reaches 
a high enough value that OH is formed on the surface via reaction (11) and electro-oxidation of 
CO occurs via reaction (12).  At steady state, the rate of CO removal via electro-oxidation needs 
to be high enough to balance the rate of CO flowing into the cell.  As discussed earlier, both the 
rates of CO oxidation and water dissociative adsorption (reactions (12) and (11)) are dependent on 
anode potential.  From these reactions, we see that, once the anode potential is raised sufficiently 
to cause significant OH formation and CO electro-oxidation, an increase in anode potential 
promotes CO oxidation by increasing both the OH surface coverage (𝜃𝑂𝐻) and the rate of CO 
electro-oxidation by reaction (12).  As shown in the Table 2 data, this combination of anode 
potential effects results in a relatively small increase in the steady state anode potential as the CO 
concentration is increased.  For example, an increase in CO concentration from 10 ppm to 40 ppm 
only causes a 28 mV increase in anode potential.  This can be compared to the ~ 70 mV increase 
that would be needed to increase the rate fourfold if 𝜃𝑂𝐻 remained constant assuming [22] a 
transfer coefficient of 0.5 for the rate of CO electro-oxidation.  The much smaller increase that is 
observed reflects the effect of increasing anode potential on 𝜃𝑂𝐻.  It should be noted that the current 
generated by CO electro-oxidation is miniscule (~ 8 µA/cm2 for 20 ppm CO) compared with the 
hydrogen electro-oxidation current (~ 0.4 A/cm2).  
As illustrated in Figure 4, which shows the accumulation behaviour of CO for fuel CO 
concentrations ranging from 5 – 80 ppm, this profoundly affects the accumulation behaviour.  At 
some point the electro-oxidation of CO limits both the increase in anode potential and the level of 
CO that is accumulated in the anode chamber.  It is interesting to note that, above a certain anode 
potential threshold, the CO concentration in the anode chamber remains almost constant.  
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Figure 4. Model results for CO accumulation in the recirculation loop and anode 
potential as a function of CO concentration. Conditions: P = 1 atm; V = 5 
cm3; I = 0.4 A/cm2; BR = 0.2; and XCO = 5, 20, 40, and 80 ppm. 
 
Table 2. Steady state values for anode potential and CO concentration in the anode 
chamber as a function of fuel CO concentration. Conditions: P = 1 atm; V = 
5 cm3; I = 0.4 A/cm2; and BR = 0.05. 




















b) Overall Fuel Cell Efficiency 
 
As discussed earlier, even low CO concentrations in the fuel result in significant adsorption and 
blockage of the active catalyst surface at the anode, with only a minor portion available for 
hydrogen oxidation. As shown in Figure 4, the resulting polarization of the anode will gradually 
rise until it reaches the potential for successive OH formation on the surface. The CO is then 
removed from the surface by reaction (12) with the OH species to form CO2. Because the CO 
concentration in the recirculation system is a function of the bleed rate, it can be expected that, 
with CO as a fuel contaminant, there will be a trade-off between the efficiency of fuel utilization 
which increases for small bleed rates and electrical efficiency which decreases as the anode 
becomes increasingly polarised because of higher CO levels. To calculate the overall fuel cell 
efficiency, we define the electrochemical efficiency, 𝜖𝑒𝑙, as the ratio of the electrical energy 
produced to the chemical energy (enthalpy) difference between the reactants and products used 
electrochemically: 









        (22) 
In this equation, 𝑉𝑡ℎ is the theoretical open circuit voltage at an operating temperature of 70°C 
which is calculated to be 1.19 V from 𝛥𝐻 = -285.8 kJ/mol and ∆𝑆 =  -0.163 kJ/(mol*K) for the 
higher heating value of hydrogen [32].  In general, an excess of fuel is fed into the cell to reduce 
impurity buildup and possibly prevent fuel starvation.  A fuel utilization efficiency, 𝜖𝑓𝑢𝑒𝑙, can then 
be defined as the ratio of the fuel utilized electrochemically to the total amount of fuel entering the 
cell.  In terms of the bleed rate, BR, defined earlier, 𝜖𝑓𝑢𝑒𝑙 becomes simply: 
𝜖𝑓𝑢𝑒𝑙 =  
1
1+𝐵𝑅
            (23) 
and the overall efficiency for the system can be defined by: 
𝜖𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =  𝜖𝑒𝑙  × 𝜖𝑓𝑢𝑒𝑙                                 (24) 
To calculate the cell potential, a simplified fuel cell performance model is used based on the 
following semi-empirical relationships [21]: 
𝑉𝑐𝑒𝑙𝑙 = 1.05 −  𝜂𝑎𝑛𝑜𝑑𝑒 −  𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 −  𝜂𝑜ℎ𝑚𝑖𝑐      (25)      
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)         (26) 
𝜂𝑜ℎ𝑚𝑖𝑐 = 𝐼𝑅𝑜ℎ𝑚𝑖𝑐          (27) 
Equation (22) can then be rewritten as: 
 𝜖𝑒𝑙 =  
𝑉𝑐𝑒𝑙𝑙
1.19
 =  
1.05 − 𝜂𝑎𝑛𝑜𝑑𝑒− 𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒−𝐼𝑅𝑜ℎ𝑚𝑖𝑐
1.19
      (28) 
In equation (28), 𝑅𝑜ℎ𝑚𝑖𝑐 is the total ohmic resistance of the cell and a theoretical open circuit cell 
potential (OCP) of 1.05 V is used, considering common OCP losses.  𝑅𝑜ℎ𝑚𝑖𝑐 = 0.02 Ω cm
2 is taken 
from the high frequency resistance of electrochemical impedance spectroscopy (EIS) 
measurements [33].  The membrane resistance is the most important contributor to 𝑅𝑜ℎ𝑚𝑖𝑐 but 
other cell components such as the flow field plates also contribute.  𝑖0 is the exchange current 
density.  In our calculations we use the value of 𝑖0 = 7 × 10
−4 A/cm2 given by Bhatia and Wang 
[21]. 
The effect of bleed rate and current density on overall efficiency is shown in Figure 5 for fuel 
containing 5 ppm CO as well as for pure hydrogen. 
 
Figure 5. Effect of bleed rate and current density on overall fuel cell efficiency.  
Conditions: XCO = 5 ppm; P = 1 atm; and V = 5 cm3. 






















0.2 A/cm2; 5 ppm CO
0.2 A/cm2; H2
0.4 A/cm2; 5 ppm CO
0.4 A/cm2; H2
0.8 A/cm2; 5 ppm CO
0.8 A/cm2; H2
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The results in this figure show that, when the fuel contains this level of CO contaminant, there is 
an optimum bleed rate to maximize fuel cell efficiency. If the anode potential rises too high, the 
loss in electrical efficiency is greater than any gain in fuel efficiency. This is observed at low bleed 
rates, whereas at high bleed rates, the poor fuel utilization dominates the efficiency loss.  At higher 
CO concentrations, the bleed rate at which the CO concentration rises to a value sufficient to raise 
the anode potential into the CO oxidation region is larger.  At this point, the anode potential 
remains almost constant (Figure 4) and then the fuel utilization efficiency dominates.  This effect 
can be seen in the 5 and 10 ppm data shown in the supplemental Figure A1 in the Appendix. 
The same is not true for an inert contaminant such as methane.  In this case the fuel cell can be 
operated at very high fuel utilizations.  Even with a bleed rate of 0.001 (99.9% utilization), the 
methane content in the recirculation system is only 2% - not enough to cause significant fuel 
dilution or performance loss assuming 5 ppm CH4 in the fuel stream.   
While the results in Figure 5 show that, with 5 ppm CO in the fuel stream, there is an optimum 
bleed rate that maximizes the overall fuel cell efficiency, the fact is that the accumulation of CO 
in the anode chamber results in a severe reduction in system efficiency primarily because relatively 
high bleed rates must be used to control how high the CO concentration can rise in the anode 
chamber.  At 0.8 A/cm2 the results show that the optimum bleed rate is about 0.2 corresponding to 
about a 20% loss in fuel efficiency.  For higher CO concentrations, the bleed rates will need to be 
even higher and efficiencies even lower.  To achieve higher efficiency with fuels containing high 
(> 5 or 10 ppm) CO levels, it appears that additional mitigation methods are needed.  The two most 
common mitigation methods that have been proposed are air bleeding [34, 35] and periodic pulsed 
oxidation [25, 36].  In the next sections we investigate improvements that can be made by adding 
a mitigation method to recirculation. 
3.3 Mitigation of CO Poisoning Using Pulsed Oxidation in a Recirculated System 
Pulsed oxidation uses periodically applied pulses of high cell current to recover the performance 
of a fuel cell subjected to CO poisoning at the anode [25, 36].  With this approach, the pulse current 
forces an intermittent rise in anode potential to facilitate OH formation at the surface which 
oxidizes CO to CO2.  This increases the available surface for hydrogen adsorption and electro-
oxidation and allows the cell potential to rise to a value not far from that obtained with pure 
hydrogen.  Following pulsing, the cell voltage slowly falls as more CO flows into the cell and re-
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adsorbs on the anode catalyst.  An effective [33] way of implementing this process is to monitor 
the cell voltage and apply the cleaning pulse when the cell potential falls to a specific threshold 
potential.  Most commonly, the pulse is administered through a galvanostatic control system by 
momentarily increasing the cell current for a fixed period of time. 
A recently completed experimental study [33] of the pulsed oxidation process for mitigation of the 
CO poisoning effects of a PEFC operating at high temperatures and current densities on fuels 
containing high CO levels (80 and 500 ppm) has shown the technique to be remarkably effective.  
It has been found that high average cell potentials can be maintained with very little energy 
expended during the pulsing process to give high overall efficiencies.  Examples of this process 
are illustrated in Figures 6a and 6b for cells operating at 0.5 A/cm2 using fuel containing 80 ppm 
CO at bleed rates of 0.25 and 4.7, respectively.  In both the experimental and modeled results, a 
pulse width of 0.3 s and a pulse current of 0.8 A/cm2 have been used.  For a bleed rate of 0.25, an 
average cell voltage of 0.61 V was obtained using pulsed oxidation compared to a cell voltage of 
0.65 V when the cell was operated on pure hydrogen, corresponding to a loss in average cell 
voltage of 0.04 V.  Without the use of pulsing, the cell voltage dropped to 0.45 V – a loss of 0.20 
V.  At a bleed rate of 4.7, an average cell voltage of 0.61 V was obtained using pulsed oxidation 
compared to a cell voltage of 0.68 V when the cell was operated on pure hydrogen, corresponding 
to a loss in average cell voltage of 0.07 V.  Without the use of pulsing, the cell voltage dropped to 
0.51 V – a loss of 0.17 V.  The data show that reducing bleed rate only affects the rate of flow of 
CO into the cell and will not affect the pulsed oxidation process, making this technique suitable 
for systems using recirculation to improve fuel usage efficiency.  It should be noted that the 
sampling rate used to record these experimental data was slow (1 s) compared to the pulse width 
(0.3 s) used to clean the CO from the anode; hence, the true transient in anode potential that occurs 
during the cleaning pulse was only occasionally captured.  This explains the difference in 
appearance between the experimental data of Figure 6a and the modeled data of Figure 6c where 
the voltage transient is captured for every pulse. 
The model outlined in section 2.3 is modified to simulate the pulsed oxidation process.  This 
modification involves monitoring the cell voltage as a function of time and applying a short, 
rectangular current pulse when the cell voltage falls to the threshold value, Vthreshold.  Following 
each pulse, the cell voltage is monitored again until the cell voltage drops back to Vthreshold at which 
time another current pulse is applied.  The calculated results that simulate the experimental 
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conditions are shown in Figures 6c and 6d.  In general, the simulated cell voltage dynamics closely 
resemble those of the experimental data in Figures 6a and 6b, indicating that the model can 
correctly capture the pulsed oxidation process.  The initial droptime prior to the first pulse is 
controlled by the mass flow of CO into the anode chamber; consequently, the experimental 
droptimes are longer due to the extra volume of the humidification chamber located after the CO 
injection point.  The model estimates that, for a cell operating at 0.5 A/cm2 using fuel containing 
80 ppm CO and a bleed rate of 0.25 (Figure 6c), an average voltage of 0.621 V can be obtained 
using pulsed oxidation compared to a cell voltage of 0.687 V when the cell is operated on pure 
hydrogen, corresponding to a loss in average cell voltage of 0.066 V, somewhat higher than the 
experimental loss of 0.04 V.  At a bleed rate of 4.7 (Figure 6d), an average voltage of 0.627 V can 
be obtained using pulsed oxidation compared to a cell voltage of 0.697 V when the cell is operated 
on pure hydrogen, corresponding to a loss in average cell voltage of 0.070 V, in good agreement 
with the experimental data although the calculated cell voltages are slightly higher (~ 20 mV). 
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Figure 6. Comparison of experimental (a and b) and modeled (c and d) data showing 
time dependent cell voltage in a system using periodic pulsed oxidation to 
mitigate the poisoning effects of CO at two different bleed rates.  Conditions: 
A = 25 cm2; Ibase = 0.5 A/cm2; Ipulse = 0.8 A/cm2; tpulse = 0.3 s; Vthreshold = 0.56 
V; 80 ppm CO; (a and c) BR = 0.25; (b and d) BR = 4. 
To calculate the electrochemical efficiency of the fuel cell when it is being pulsed, equation (29) 
is used.  In deriving this equation, it is assumed that the energy produced during the pulse is wasted.  
The total chemical energy used must however include the hydrogen consumed during the pulsing 
process. 









       (29)  
In this equation, 𝑡𝑑 is the droptime calculated from the peak potential to the threshold potential of 
the next pulse, 𝐼𝑛 is the nominal current density flowing through the cell (0.5 A/cm
2), 𝐼𝑝 is the 
pulse current density (0.8 A/cm2) and 𝑡𝑝 is the pulse width (0.3 s).  The second term in the 
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denominator of equation (29) is small (< 1%) because of the short pulse width and is hence 
neglected, leading to the simplified expression for 𝜖𝑒𝑙 on the right. 
Using this model, a comparison can be made of the overall efficiency of the cell with and without 
pulsing.  This comparison is made in Figures 7a and 7b for a cell operating at 0.5 A/cm2 with 10 
and 80 ppm CO in the fuel stream, respectively.  Also included in these figures are results for pure 
hydrogen.  The results show that, for 10 ppm and a bleed rate of 0.01 (Figure 7a), inclusion of 
pulsing results in an increase in overall efficiency from 40% to 53%, a 13% increase over that 
obtained without pulsing.  At these conditions, the calculated overall efficiency is 91% of the pure 
hydrogen value and the fuel efficiency is 99%.  At the higher bleed rates (above 0.25) the two CO 
curves follow each other, provided that the cell voltage remains above the threshold value of 0.56 
V such that no pulsing occurs.  With 80 ppm CO at low bleed rates (Figure 7b), pulsing increases 
the overall efficiency from 36% to 52%, a 16% increase.  This agrees well with the experimental 
results shown in Figure 7b where the voltage efficiency is 90% of the pure hydrogen value.  The 
main benefit of pulsing is that it allows the cell to be operated at low bleed rates at a potential close 
to that obtained with pure hydrogen.  Both the experimental and modeled data show that pulsed 
oxidation can be considered an alternative, more targeted CO removal technique that does not 
cause a significant loss of hydrogen fuel and that can substantially improve system efficiency for 
anode recirculation and DEA systems using hydrogen containing high levels (10 - 80 ppm) of CO. 
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Figure 7. Comparison of modeled and experimental results showing overall fuel cell 
efficiency as a function of bleed rate in a system with and without pulsed 
oxidation at a) 10 ppm and b) 80 ppm CO concentrations.  Conditions: A = 
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3.4 Mitigation of CO Poisoning Using Air Bleed in a Recirculated System 
Air bleed is an alternative method to reduce CO poisoning of the anode catalyst by blending the 
fuel with a small percentage of air in order to chemically oxidize adsorbed CO [34, 35].  A detailed 
study of the effect of air bleed on the performance of CO poisoned PEFCs has been carried out by 
Sung et al. [37].  Their results show that, with 53 ppm CO in the hydrogen, a 5% air bleed was 
needed to restore the current output to 90% of the pure hydrogen value. 
Studies by Springer [29] and Bhatia and Wang [21] have shown that cell voltages are decreased 
significantly by fuel dilution when the fuel contains CO.  As explained by Bhatia and Wang [19], 
the presence of even 10 ppm CO in the hydrogen being fed to the anode reduces the hydrogen 
coverage on the anode by an order of magnitude which causes anode kinetic losses to become 
significant.  Fuel dilution further decreases hydrogen coverage and exacerbates the situation.  Their 
results show that a fuel stream containing 10 ppm CO but with only 40% hydrogen content has a 
performance loss about the same as a pure hydrogen stream containing 100 ppm CO. 
This effect of fuel dilution on fuel cell performance will reduce the viability of the use of air bleed 
as a mitigation method in a system using recirculation.  As shown by equation (18), the steady 
state concentration of nitrogen will be achieved when the amount of nitrogen entering the anode 
chamber is balanced by the amount being removed in the bleed stream.  If a 5% air bleed is used, 
the nitrogen content in the fuel inflow will be 4%.  Thus, at even a 10% bleed rate, the nitrogen 
content will rise to about 40% due to enrichment (Figure 2).  At this bleed rate the hydrogen fuel 
utilization efficiency will be limited to 90%.  This coupled with the degradation in current output 
reported by Sung et al. [37] means that the best overall efficiency that can be achieved using air 
bleed as a mitigation is about 80 – 85% of the pure hydrogen value.  By comparison, as discussed 
above, it is expected that pulsed oxidation would be more effective at very high fuel utilization 
(low bleed rate).  Although pure oxygen bleed could potentially resolve this, additional safety 
precautions would be required, and a special source of pure oxygen would need to be provided.  
Furthermore, the use of air/oxygen bleed increases the risk of fuel starvation at the anode, which 
may cause irreversible carbon corrosion and associated electrode degradation at the cathode [1,2]. 
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3.5  Impact of Oxygen Crossover on CO Accumulation at the Anode 
Previous work [22] has demonstrated that oxygen crossover from the cathode contributes to the 
oxidation of CO at the anode and is unquestionably the reason why accumulation of CO in the 
anode chamber is not seen [19] with trace concentrations of CO in the fuel.  In the model developed 
by Zhang [22], the assumption is made that the flux of oxygen across the membrane controls the 
rate of chemical oxidation of CO at the anode.  To account for this diffusion of oxygen from the 
cathode, Zhang assumed that, in addition to the electrochemical oxidation described by equations 
(11) and (12), CO is also removed by the following non-electrochemical reactions: 
𝑂2 + 2 𝑃𝑡 ↔ 2 𝑃𝑡 − 𝑂                                   (30) 
𝑃𝑡 − 𝑂 + 𝑃𝑡 − 𝐶𝑂 → 2 𝑃𝑡 + 𝐶𝑂2                  (31) 
This process can be incorporated into the model [22] by adding a new term, 2𝛽𝑁𝑂2, to the time 
dependence of the CO mass balance at the anode, where 𝑁𝑂2 represents the diffusive flux of oxygen 
crossover and 𝛽 represents the relative selectivity for CO oxidation versus hydrogen oxidation.  




                                                       (32) 
where K is the Henry’s law constant for oxygen dissolution in the membrane, D is the O2 diffusion 
coefficient in the membrane and L is the membrane thickness.  Zhang’s formulation implicitly 
assumes steady state conditions and that 𝜃𝐶𝑂 is constant. To model transient effects, modification 
of this model is needed in order to capture the transient CO coverage and oxygen partial pressure, 












𝑥𝐶𝑂 −  
𝐴
𝐹
(𝑟𝐶𝑂,𝑎𝑑 +  2𝛽𝜃𝐶𝑂𝑁𝑂2𝑃𝑂2)    (33) 
Subject to this change, the six governing equations are solved as before.  
Bender et al. [38] have previously reported the impact of oxygen crossover on the anode potential.  
In their experiments, they used a Pt anode, 2 ppm CO in the fuel and a stoichiometry of 2 at both 
electrodes.  The results revealed that oxygen crossover suppresses CO contamination at low 
current densities.  Under these conditions, sufficient oxygen diffuses from the cathode to remove 
most of the CO and the anode potential stays low.  This was not the case at higher current densities 
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(0.6 and 1.0 A/cm2).  At these current densities a higher fuel flow rate is needed to maintain 
constant stoichiometry, which indicates that the rate of oxygen crossover is not high enough to 
prevent catalyst poisoning with these higher fuel flow rates. 
Polarization results calculated using the model described above and the experimental parameters 
of Bender et al. [38] are shown in Figure 8a.  In these calculations the modified parameters given 
in Table 3 have been used to represent Pt rather than Pt/Ru catalyst at the anode.  For comparison, 
results are shown for calculations that include oxygen crossover and for the case where there is no 
oxygen crossover.  It is seen that, with oxygen diffusion, the anode polarization is very low at low 
current densities which is not the case when there is no oxygen diffusion.  In effect, at low current 
densities, sufficient oxygen diffuses across the membrane to alleviate the effects of CO poisoning.  
Figure 8b shows a similar comparison for the CO enrichment in the outflow.  From these results, 
it is seen that, when there is oxygen diffusion to the anode from the cathode, the CO concentration 
in the outflow remains low and there is no accumulation of CO in the anode chamber.  However, 
the impact of oxygen crossover is marginal at moderate to high current densities.  This is consistent 
with the experimental results of Bender et al. [38] and Koski et al. [19].  A comparison between 
the experimental results of Bender et al. [38] and the calculated anode potentials at current densities 
of 0.2, 0.6 and 1.0 A/cm2 with oxygen cross-over is shown in Figure A2 in the Appendix.  Good 
agreement is observed between modeled and experimental data for all three current densities, 
although the experimental data initially lag the modeled data due to a more gradual entry of CO 
into the anode chamber. 
Figure 8c shows calculated results for the accumulation of CO in the anode chamber as a function 
of inlet CO concentration both with and without oxygen crossover.  The results show that, while 
oxygen crossover has a major effect on CO accumulation at the lower CO concentrations (0.5 – 2 
ppm), there is little effect at the higher concentrations (5 and 10 ppm).  While oxygen crossover is 
expected to have a similar effect in a system using Pt/Ru as anode catalyst, in practical terms it is 
anticipated that a Pt/Ru catalyst would only be used when the level of CO in the fuel stream is too 




Figure 8. The influence of oxygen crossover on: a) anode potential as a function of 
current density (XCO = 2 ppm); b) CO enrichment factor as a function of 
current density (XCO = 2 ppm); and c) CO enrichment factor as a function of 
inlet CO concentration (ppm).  Conditions: PO2 = 0.295 atm; V = 5 cm3; and 
BR = 1.0. 
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4.  Conclusions   
The major conclusions reached from this work are summarized as follows: 
 The primary purpose of installing an anode recirculation loop is for water removal to 
prevent fuel starvation and flooding of the anode channels rather than controlling impurity 
accumulation.  The volume of the anode recirculation loop impacts accumulation dynamics 
since more gas must flow into the cell before steady state concentrations are reached.  With 
inert impurities such as methane, steady state concentrations are reached when the amount 
of impurity flowing into the cell is balanced by that flowing out.  At a bleed rate of 0.05, 
impurity concentrations increase approximately 20-fold. 
 The accumulation of CO is controlled not only by the amount of CO contained in the fuel 
but also by the amount of CO that is removed by electro-oxidation.  Electro-oxidation limits 
the buildup of CO in the anode chamber and ensures that the CO concentration remains 
essentially constant once a certain level is reached.  When impure hydrogen streams 
containing high levels (10 – 80 ppm) of CO are used, the overall fuel cell efficiency is 
limited to about 60% of the pure hydrogen value. 
 Further improvements in system efficiency can be made if an additional CO poisoning 
mitigation technique is employed.  Experimental and modeling results indicate that if 
periodic pulsed oxidation of the adsorbed CO is incorporated, an overall efficiency of 
~90% of that obtained with pure hydrogen can be achieved even when the fuel contains 
CO impurities up to 80 ppm, including at low bleed rate conditions with high fuel 
efficiency.  The use of air bleed as a mitigation method was also investigated.  In this case, 
the effect of fuel dilution on fuel cell performance, caused by enrichment of nitrogen from 
the air bleed, limits the overall efficiency that can be achieved to about 80% in a system 
using recirculation.   
 The modeling results showed that, while oxygen cross-over from the cathode can largely 
prevent CO buildup for trace levels of CO in the fuel (~1 ppm), it is expected to have a 
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1. Effect of CO Concentration and Bleed Rate on Anode Potential 
 
Figure 1. Model results showing the effect of CO concentration and bleed rate on the 
anode potential. The rise in anode potential at low bleed rates is caused by 
CO enrichment and is sufficient to form OH on the catalyst surface.  
Conditions:  P = 1 atm; V = 5 cm3; I = 0.4 A/cm2; and XCO = 5 and 10 ppm. 
 
  

























2. Impact of Oxygen Crossover on CO Accumulation at the Anode 
 
Figure 2. The influence of oxygen crossover on the anode potential as a function of 
current density for XCO = 2 ppm. Solid lines represent calculations, whereas 
the circles represent experimental data points [35]. Conditions: PO2 = 0.295 
atm; V = 5 cm3; and BR = 1.0. 






























Table 1. Model parameters used for Pt/Ru catalyst. 
Symbol Parameter Value Unit 
𝐾𝑐𝑜 Equilibrium rate constant for CO desorption 2·10
-6 atm 
𝑘𝐶𝑂,𝑜𝑥
⇢  Forward rate constant for CO oxidation 4·10-4 A/cm2 
𝑘𝑂𝐻
→  Forward rate constant for OH formation 8·10-4 A/cm2 
𝑘𝐻,𝑎𝑑𝑠
→  Forward rate constant for H adsorption 402 A/cm2atm 
𝑟𝐻,𝑜𝑥 Rate of H oxidation Variable A/s 
𝑟𝐶𝑂,𝑜𝑥 Rate of CO oxidation Variable A/s 
𝑟𝐻,𝑎𝑑𝑠 Rate of H adsorption Variable A/s 
𝜃0 Free surface fraction Variable  
𝜃𝐻 Surface coverage of H Variable  
𝐶𝑡 Molar density per catalyst surface area 2.2·10
-9 mol/cm2 
𝛾 Anode roughness factor 100  
𝐹 Faraday’s constant 96500 C/mol 
𝜈0 Outlet gas flow rate Variable mL/s 
𝜂𝐴 Anode potential Variable V 
𝛼 Transfer coefficient 0.5  
𝑛𝑖 Number of electrons Variable  
𝑖0 Exchange current density 7·10
-4 A/cm2 
𝐾𝐻 Equilibrium rate constant for H desorption 0.5 atm 
𝑘𝐶𝑂,𝑎𝑑𝑠
⇢  Forward rate constant for CO adsorption 192 A/cm2atm 
𝑘𝑂𝐻
←  Backward rate constant for OH formation 2760 A/cm2 
𝑘𝐻,𝑜𝑥
→  Forward rate constant for H oxidation 4 A/cm2 
𝑟𝐶𝑂,𝑎𝑑𝑠 Rate of CO adsorption Variable A/s 
𝑟𝑂𝐻 Rate of OH formation Variable A/s 
𝐴 Catalyst surface area 1 cm2 
𝜃𝐶𝑂 Surface coverage of CO Variable  
𝜃𝑂𝐻 Surface coverage of OH Variable  
𝐶𝑑𝑙 Double layer capacitance 0.45 F 
𝑉𝐴 Anode volume 1 cm
3 
𝐼 Current density Variable A/cm2 
𝜈𝑖 Flow rate in loop i Variable mL/s 
𝑇0 Temperature 298 K 
𝑅 Gas constant 8.314 Latm/mol 
𝑃 Gas pressure 1 atm 




Table 2. Revised parameter values for Pt catalyst. 
Symbol Parameter Value Unit 
𝑘𝐶𝑂,𝑎𝑑𝑠




















←  Backward rate constant for OH 
formation 
2760 A/cm2 
𝐾𝑐𝑜 Equilibrium rate constant for 
CO desorption 
1·10-7 atm 
𝐾𝐻 Equilibrium rate constant for H 
desorption 
0.5 atm 
2𝛽𝑁𝑂2 Oxygen flux 2·10
-11 mol/cm2s 
 
